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NUCLEIC ACID DENATURATION AT AN ELECTRODE SURFACE 
 
By Robert Peter Johnson 
 
This thesis describes the development and improvement of an assay for the 
detection and discrimination of DNA sequences based on surface enhanced 
Raman spectroscopy (SERS) and electrochemically driven denaturation. A DNA 
helix  can  be  immobilised  at  a  nano-structured  gold  electrode  and  then 
denatured  into  its  constituent  components  by  driving  the  potential  at  the 
surface  cathodic  (electrochemical  melting).  This  denaturation  is  typically 
monitored by observing changes in the SERS spectra of a reporter molecule 
attached  to  one  of  the  two  strands  that  comprises  the  helix.  The ease  of 
denaturation (defined as the potential required to denature half of the DNA at 
the electrode surface) was found to be directly related to the thermodynamic 
stability of the duplex. In addition to dsDNA structure, the effect of varying 
environmental conditions during an electrochemical melting experiment (pH 
and ionic strength) was explored. 
  A number of possible mechanisms for electrochemical melting have been 
ruled-out, including electrostatic repulsion from the electrode surface. It was 
found that peptide nucleic acid (an uncharged analogue of DNA) could be 
denatured  electrochemically.  Local  pH  changes  were  also  ruled-out  as  a 
possible  mechanism  through  experiments  in  which  the  surface  pH  and 
electrochemical melting were monitored simultaneously. 
   A method for detecting surface immobilised DNA without the need for the 
attachment  of  a  synthetic  label  is  described.  This  presents  a  significant 
milestone  towards  the  development  of  a  point-of  care  electrochemical 
melting assay, because no synthetic pre-treatment of the sample is required 
prior to analysis. Table of Contents 
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1. Introduction 
 
1.1. DNA Structure, Detection and Discrimination 
 
1.1.1. Overview  
 
Deoxyribose  nucleic  acid  (DNA)  contains  the  genetic  information  required  for 
development and function of all life on Earth. Since the initial determination of the 
DNA duplex structure by Watson and Crick in 1953
1 there has been intense interest in 
understanding  the  way  in  which  DNA  stores  and  replicates  information.  By 
interrogating  the  structure  of  DNA,  it  is  possible  to  obtain  a  wealth  of  useful 
information about a person. DNA based testing, commonly known as genetic testing, 
has found significant use in clinical healthcare for the diagnosis of genetic diseases 
such as cystic fibrosis
2 and Huntington’s disease
3. More recently, genetic testing has 
generated interest in the emerging field of pharmacogenetics
4-7, where a person’s pre-
disposition  to  certain  medications  can  be  determined.  Such  knowledge  can  help 
healthcare professionals choose the drugs that provide the highest medical efficacy 
whilst minimising side-effects.  
 
Whilst genetic testing has proven to be a highly beneficial tool in early diagnosis, it is 
generally expensive and requires highly trained personnel working in a laboratory. 
Bringing genetic testing directly to the patient would significantly reduce the cost and 
length of time required for diagnosis and allow for medical treatment decisions to be 
taken  earlier.  To  this  end,  a  number  of  research  groups  are  working  towards  the 
development  of  new  technologies  for  the  rapid  and  cost-effective  detection  and 
discrimination of DNA.  
 
In this chapter, methods of DNA detection and discrimination that are currently in the 
public domain are reviewed, assessing in particular their potential for integration into 
a  point-of-care  environment.  Of  interest  to  this  project  is  the  detection  and 
discrimination of DNA using surface enhanced Raman spectroscopy (SERS); and this 
technique is reviewed in detail in Section 1.2, with particular emphasis on the choice 
of substrate. Since the discrimination of different sequences of DNA generally relies     9 
on  the  ability  to  detect  changes  in  DNA  structure,  this  chapter  begins  with  an 
overview of nucleic acid chemistry and how genetic mutations can cause changes to 
DNA. 
  
1.1.2. The Structure of DNA 
 
DNA is a biological polymer consisting of repeating nucleotide monomer units linked 
together by a sugar-phosphate backbone (Figure 1.1). The monomer unit itself is one 
of four nitrogen-containing heterocyclic bases; adenine, guanine cytosine or thymine. 
A short,  single  strand of DNA  consisting  of multiple repeating monomer  units is 
termed an oligonucleotide. The bases that are present together with the sequence in 
which they appear comprise the primary structure of DNA. 
 
 
Figure 1.1. The structure of single-stranded DNA (ssDNA). The bases thymine, adenine, guanine and 
cytosine that comprise the DNA sequence are linked together by a sugar-phosphate backbone. 
 
Two  single  strands  of  DNA  can  form  a  duplex  through  a  hydrogen  bonding 
interaction between bases, which comprises the DNA secondary structure. This base-    10 
pairing  interaction  is  highly  specific,  where  adenine  (A)  binds  preferentially  with 
thyamine (T), and guanine (G) binds preferentially with cytosine (C). Two hydrogen 
bonds form between AT base-pairs, whilst three hydrogen bonds form between GC 
base-pairs  (Figure  1.2).  This  base-pairing  interaction  plays  a  crucial  role  in  the 
stability  of  double-stranded  (duplex)  DNA,  where  increasing  the  GC  content  will 
result in an increase in stability because of the increased number of hydrogen bonds 
holding the two strands together. 
 
 
Figure 1.2. The base-pair interactions between (A) adenine and guanine; and (B) thymine and cytosine. 
AT base pairs are linked by two hydrogen bonds, whilst GC base-pairs are linked by three hydrogen 
bonds. 
 
Whilst the stability of double-stranded DNA (dsDNA) is primarily determined by its 
base-pair composition, the overall sequence also plays an important role
8. The two 
constituent strands that comprise dsDNA form the shape of a double helix, and this 
gives rise to favourable stacking interactions between the overlapping pi-orbitals of 
neighbouring  base  pairs.  The  helical  shape  a  DNA  duplex  comprises  its  tertiary 
structure. 
     11 
1.1.3. Mutations in DNA 
 
Mutations in DNA are caused by changes in the genomic sequence, and can be caused 
spontaneously during DNA replication or arise as a result of irradiative or chemical 
damage.  
 
Typically, mutations are categorised based on their effect on DNA structure
9; and are 
described as point-mutations, insertions or deletions. Point mutations are the result of 
the exchange of one nucleotide for another, with the most common being an exchange 
of a purine base for a purine base (e.g. A to G), or a pyrimidine base for a pyrimidine 
base (e.g. C to T). This is termed a transition. Less common is the exchange of purine 
base for a pyrimidine base, or vice versa. This is termed a transversion. Insertions and 
deletions  are  caused  by  the  addition  or  removal  of  nucleotides  from  the  DNA 
sequence. Mutations result in serious health consequences, such as incorrect protein 
expression  or  even  inhibition  of  protein  expression  altogether.  Point  mutations, 
insertions and deletions all result in a sequence of base-pairs that is different to the 
wild-type (non-mutated) sequence
9.   
 
1.1.4. Detection and Discrimination of DNA 
 
The most common method of discriminating between different DNA structures, and 
in  particular,  mutations,  is  through  differential  denaturation.  A  typical  differential 
denaturation experiment is performed by monitoring the ease with which dsDNA is 
denatured when, for example, the temperature or solution composition is changed. A 
mutated sequence will possess base pair mismatches and/or other defects when bound 
to a probe designed to be perfectly complementary to the wild-type (non-mutated) 
target. The resulting duplex will therefore be less stable, and more readily denatured
10. 
 
The existing methods described in the literature can be broadly categorised as either 
solution  or  surface  based.  The  most  widely  used  solution  based  methods  are 
fluorescent  detection  schemes  such  as  those  used  in  Molecular  Beacons
11, 
Taqman®
12, Scorpions®
13, or Hybridization Probes
14. In these methods, typically, a 
gradual change in fluorescent signal is monitored during temperature ramping to bring 
about denaturation of dsDNA in solution
15.      12 
 
Surface based methods have gained prominence because of the attraction of an array-
based approach to the detection of mutations, the opportunity to control the conditions 
locally at a surface, and the ability to produce simple, portable biosensor devices. In 
these experiments the target DNA strand is hybridised to a probe strand immobilised 
at the surface. Denaturation of the DNA duplex can be achieved either thermally (that 
is by ramping the temperature) or by using a series of solutions with sequentially 
reduced salt concentrations (stringency washing).  
 
Various  surface-based  approaches  have  been  used  to  detect  DNA.  In  particular, 
electrochemical techniques
16-18, including redox probes
19-23 and impedance
24-27, have 
proven popular because only relatively simple and low-cost equipment is required. 
This is of particular advantage when consideration is given to the development of a 
point of care device. 
 
Recently, Nasef et al. have demonstrated that differential pulse voltameterry (DPV) 
can  be  combined  with  thermal  denaturation  of  DNA  to  discriminate  between  a 
perfectly complementary and mutated target oligonucleotide
28, 29. The signal from the 
redox probe reduces as the DNA denatures and moves away from the surface. The 
redox  probe  used  can  be  either  covalently  bound  (in  the  case  of  ferrocene
28)  or 
intercalated (in the case of methylene blue
29).  
 
DNA  detection  at  a  surface  has  also  been  demonstrated  with  refractive  index 
measurements  using  surface  plasmon  resonance
30,  31  and  measurements  of  mass 
change using the quartz crystal microbalance (QCM)
32, 33. Fluorescent based methods, 
which are commonly used for solution based differential denaturation studies, have 
also been employed for surface bound detection and discrimination of mutations
34, 35. 
 
Surface enhanced Raman or resonant Raman scattering SERS has recently gained 
interest as an alternative method in DNA detection assays because it possesses several 
key  advantages,  particularly  in  comparison  to  fluorescence
36-39.  These  include  the 
ability  to  make  multiplexed  measurements  because  of  the    narrow  line  width  
(~ 10 nm) of the SERS signals, the molecular specificity of SERS spectra
37, 40, 41, the 
flexibility in the choice of labels
39, 42, 43, insensitivity to quenching by oxygen or other     13 
species
36,  and  excellent  sensitivity
39,  44.    In  addition  the  SERS  process  is  highly 
surface selective, unlike fluorescence, so that there is no interference from labelled 
molecules not bound at the surface
45, 46. 
 
Several techniques to detect DNA using SERS have been developed, including the use 
of  roughened  silver  surfaces  and  the  use  of  colloidal  particles.  Roughened  silver 
surfaces have been used by Vo-Dinh and colleagues to demonstrate detection of DNA 
either  directly  attached  to  the  roughened  surface
38,  47,  48,  or  via  a  nitrocellulose 
membrane intermediate
49. Flocculating colloidal particles have also been shown by 
Graham and co-workers to be an effective SERS method for DNA detection
39, 42, 43, 50-
52, including the use of different labels for genotype multiplexing
52 and the ability to 
detect DNA directly from a PCR product without purification
53. 
 
More elaborate detection methods utilising SERS have also been reported. Halas et al. 
have  recently  demonstrated  a  label-free  method  for  DNA  detection  based  on  the 
substitution  of  adenine  in  a  surface-immobilised  probe  sequence  with  2-amino 
purine
54.  This  substitution  removes  the  characteristic  adenine  bands  that  typically 
dominate the SERS spectra of DNA
55. A target oligonucleotide can then be detected 
by re-appearance of adenine bands in the spectra upon hybridisation. 
 
Work within our research group has led to the development of a SERS based platform 
for  detecting  and  discriminating  mutations  in  DNA  sequences  that  utilises  a  thin 
structured gold film with a regular array of spherical cavities, a sphere segment void 
(SSV)  surface
56,  57.  The  development  of  these  surfaces  and  their  use  for  DNA 
detection  and  discrimination  assays  is  discussed  further  in  Section  1.3.  First,  the 
principles of Raman and surface enhanced Raman spectroscopy are described in more 
detail. 
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1.2. Surface Enhanced Raman Spectroscopy 
 
1.2.1. Raman Spectroscopy 
 
Raman  spectroscopy  is  a  non-destructive  method  for  analysing  and  identifying 
molecules based on the way in which they scatter incident photons. When a light 
source, commonly a laser, is incident on a molecule, the constituent photons will be 
scattered. This can be either elastically (termed Raleigh scattering) or inelastically 
(termed Raman scattering).  Raman scattering was first  demonstrated  in 1928, and 
named after its discoverer, C.V. Raman
58.  
 
Inelastic scattering arises from a two-step process. First, the absorption of a photon by 
a molecule causing it to enter a ‘virtual’ electronic state of higher energy. Second, the 
relaxation from this virtual electronic state to a vibrational energy level in the ground 
electronic state that is either lower or higher in energy than that from which it was 
initially excited. The result is the release of a photon with a net change in energy, as 
illustrated in Figure 1.3. 
 
 
Figure 1.3. Raman scattering results in a net change in energy of the scattered photon, whereas in 
Raleigh scattering there is no net change in the photon energy. 
 
The  Raman  effect  is  a  result  of  a  molecule’s  intrinsic  ‘polarisability’.  Under  the 
influence of an applied  electric field, an  oscillating dipole will be induced in  the 
electron  cloud  surrounding  a  molecule,  momentarily  raising  the  molecule  to  an 
excited state. This is the virtual state referred to in Figure 1.3, so called because it is 
not a fixed energy level such as an excited electronic or vibrational state.     15 
 
Raman spectroscopy offers significant advantages over other complementary methods 
such as infra-red and fluorescence spectroscopy in that it can detect several molecular 
species simultaneously, requires no sample preparation, and can be performed through 
glass and water, both of which are transparent to visible laser and Raman scattered 
light. However, the Raman scattering effect is incredibly weak, with on1y 1 in 10
7 
incident photons scattered. Low-level detection is therefore incredibly difficult unless 
steps are taken to enhance the scattering effect. 
 
1.2.2. Surface Enhanced Raman Spectroscopy (SERS) 
 
Surface  enhanced  Raman  spectroscopy  (SERS)  was  first  observed  in  1974  for 
pyridine  absorbed  at  a  roughened  silver  electrode
59.  The  observed  spectra  were  a 
million  fold  more  intense  than  anticipated  with  conventional  Raman.  Three  years 
later,  Van  Duyne  and  Jeanmarie
60  and  (independently),  Albrecht  and  Creighton
61 
attributed  this  enhancement  to  a  localized  electromagnetic  field  at  the  electrode 
surface. 
 
Although even today the exact mechanism by which the enhancement occurs is still 
subject to some debate, the generally accepted theory suggests that there are two main 
contributory factors. Firstly, the charge transfer enhancement, which arises from the 
chemisorption  of  the  adsorbate  at  the  metal  surface
62-65;  and  secondly,  the 
electromagnetic enhancement, a non-adsorbate specific enhancement arising from the 
focusing of the electric field via plasmon resonances at the metallic surface
66, 67. The 
second and larger electromagnetic enhancement relies on the presence of localised 
electromagnetic fields, which are strongly dependent on the morphology (structural 
features) of the enhancing substrate at the nanoscale. 
 
Early SERS substrates were often nothing more than electrochemically roughened 
gold
68,  69  or  silver
70-72  surfaces.  Whilst  very  good  SERS  enhancement  for  these 
surfaces  has  been  reported,  the  reproducibility  is  inherently  very  poor,  as  surface 
plasmon generation at the right energy occurs only at positions on the substrate where 
the surface morphology is correct. These positions are generally described as ‘hot 
spots’.  In  addition  to  gold  and  silver,  SERS  has  also  been  demonstrated  at  the     16 
roughened  surface  of  a  number  of  transition  metals  by  Tian  and  co-workers
73, 
although the observed enhancement is significantly lower than for that observed for 
gold or silver. 
 
Designing a substrate with the ‘ideal’ morphology for SERS enhancement has been of 
intense interest in the SERS community for over forty years
74-76, and in that time a 
number of novel SERS substrates have been described. Typically, these substrates fall 
into two distinct categories: - colloidal nanoparticles and rationally designed arrays. 
 
Metallic nanoparticles can be used as SERS substrates under conditions in which they 
are  permitted  to  aggregate.  SERS  measurements  have  been  demonstrated  from 
colloidal  suspensions  of  gold
77-79,  silver
78,  80,  platinum
81,  82  and  even  gallium
83 
nanoparticles. A significant advantage of colloidal particles is that they are easy to 
prepare  and  can  be  easily  adapted  to  a  wide  range  of  analytical  applications.  In 
particular, colloidal particles have shown promise for SERS studies in vivo; where 
they can be injected into live cells in order to obtain spectral information. This general 
method has been utilised successfully for the detection of tumours in mice
84, 85 and for 
mapping local pH changes of living cells
86-88. 
 
Rationally designed arrays are metal substrates that have regular, repeating features 
on the nanoscale. This greater control over the surface morphology means that, unlike 
colloidal particles or roughened substrates, the observed SERS enhancement is more 
reproducible from place to place. In addition, rationally-designed substrates typically 
have  a  much  longer  shelf-life  due  to  their  increased  robustness.  These  types  of 
substrate provide much better reproducibility than randomly roughened surfaces or 
colloids. A wide range of examples of rationally designed nanostructures for SERS 
have  been  described,  including  nano-rings
89,  nano-triangles
90,  nano-flowers
91, 
spherical nano-shells
92, 93, nano-pits
76 and nano-tip arrays
94. 
 
Advanced lithographic techniques, such as electron beam lithography, are common 
‘top-down’  methods  for  preparing  rationally-designed  SERS  substrates
74. 
Lithographic methods involve preparing a nano-structured template, and then coating 
it with a SERS-active coinage metal such as gold or silver. For example, in electron 
beam  lithography,  a  concentrated  electron  beam  is  used  to  pattern  a  responsive     17 
material known as a ‘photo-resist’. A solvent is then used to rinse away those areas of 
the photo-resist exposed to the electron beam, leaving a nano-patterned array. 
 
Unfortunately, most basic lithographic techniques are incapable of producing surface 
morphologies  small  enough  for  SERS  enhancement
74,  and  those  more  advanced 
methods  that  are,  such  as  electron  beam  lithography,  require  very  expensive  and 
specialist equipment. In contrast, self-assembled arrays of colloidal particles can be 
used to prepare templates for SERS substrates using simple bench-top methods in the 
laboratory
75. The ‘bottom-up’ approach of colloidal particle assembly has a significant 
cost advantage over the soft-lithographic techniques. Colloidal particle templates have 
been used extensively to prepare a range of SERS substrates with differing nanoscale 
morphologies
95-101 (Figure 1.4).  
 
Typically, the colloidal particle template is used as a mask, onto or through which a 
metal  is  deposited.  Sometimes  metal  deposition  is  followed  by  dissolution  of  the 
template. Since it is possible to change both the sphere-size and metal deposition 
thickness, there is some element of control over the final morphology of substrates 
prepared in this way. For example, the absorption wavelength of the metal film-over-
nanosphere substrate (Figure 1.4c) can be altered over the visible range by changing 
the thickness of the deposited silver
99. This is very important for ‘tuning’ the substrate 
to give the largest possible SERS enhancement by controlling the plasmonics – a 
theme discussed further in Section 1.2.3. 
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Figure 1.4. A wide-variety of nano-structured SERS substrates can be prepared from colloidal particle 
arrays,  including  (a)  metal  honeycombs
101 (b)  nano-dots
96,  97  (c)  film-over-nanosphere
99.  (d)  nano-
triangles
95, 98 and (e) sphere segment voids
100. 
 
A number of groups have shown that large SERS enhancements can be obtained from 
inverse opal (‘honeycomb’) arrays
101-103. However, the precise number of layers in the 
honeycomb  and  the  geometry  of  the  top  surface  are  generally  not  systematically 
controlled, leading to variations in SERS enhancement across the substrate. 
 
Research in our group has led to the development of the sphere segment void (SSV) 
substrate; a thin layer metallic film with a regular array of spherical cavities prepared 
from just a monolayer of hexagonally close packed polystyrene spheres
100, 104-107. SSV 
substrates  have  been  prepared  from  a  variety  of  SERS-active  metals,  including 
gold
100, 105-109, silver
110, platinum
111 and palladium
111, 112. By correctly choosing both 
the sphere size and the deposition height through the template, it is possible to obtain 
a tuneable electromagnetic enhancement with only ~10% standard deviation in signal 
variation across the surface
100, 113. 
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1.2.3. Sphere Segment Void Substrates 
 
The tunable and reproducible nature of the SERS enhancement from sphere segment 
void (SSV) substrates is due to the consistency with which surface plasmons can be 
generated at the substrate surface. Surface plasmons give rise to the SERS effect via 
coupling with incident radiation of comparable energy at the substrate surface, which 
is  then  scattered  by  the  adsorbed  molecule.  Since  the  scattered  radiation  is  also 
coupled by plasmons, the plasmons must be resonant with both the incoming and 
outgoing light for the maximum SERS enhancement.  
 
A surface plasmon is defined as a coherent (collective) oscillation of electrons at a 
metal-dielectric  interface
114  (Figure  1.5).  When  coupled  with  an  incident 
electromagnetic field (e.g. from a laser), and under the right conditions, these surface 
plasmons can enter an excited state
106,  114. These excited plasmons are  sometimes 
referred to as surface plasmon polaritons.  
 
Plasmon polaritons cannot form on a flat surface because of a ‘momentum mismatch’ 
between the incident photons and the surface plasmons pinned at the metal-dielectric 
boundary
106. One of the ways of providing the additional momentum required is by 
structuring  the  surface  of  metal,  either  through  nano-scale  defects  caused  by 
roughening  or  by  utilising  a  period  metal  diffraction  grating
115,  116,  such  as  that 
provided by the regular structure of the SSV substrate
106, 107, 114. 
 
 
Figure 1.5. (A) Surface plasmons are electromagnetic waves that propagate along the surface of a 
metal. (B) Since the wave decays exponentially across the interface into both media, the plasmons are 
pinned to the metal-dielectric boundary. (C) Additional momentum is required to match the momentum 
of surface plasmons (ks; dashed line) at the metal-dielectric boundary for a given frequency ω. In a SSV 
substrate  this  is  provided  through  scattering  of  incident  photons  at  a  periodic  metal  diffraction     20 
grating
106. 
 
 Three main types of plasmon mode can be distinguished on a sphere segment void 
structure
106, 107, 114: 
•  Those that reside on the top surface of the sample; which are referred to as the 
Bragg plasmons (Figure 1.6). These plasmons modes are delocalised, and can 
propagate over relatively long distances across the substrate. 
•  Those that reside within the truncated voids of the sample; which are referred 
to  as  the  Mie  plasmons  (Figure  1.6).  These  plasmons  modes  are  highly 
localised and confined to within the voids. 
•  Those that reside at the upper rim of the voids. These plasmon modes are 
referred to as Rim plasmons. These modes are thought to be due to the build 
up of charge at the rim of the voids.  
 
Surface  
plasmons
Localized 
plasmons Surface  
plasmons
Localized 
plasmons
 
Figure  1.6.  Approximate locations  of  plasmons  distinguishable  on  an  SSV  substrate.  De-localised 
surface (Bragg) plasmon modes propagate across the top surface, whilst localised Mie plasmons modes 
are confined to within the segment voids. A third type of plasmon mode, rim plasmons, are theorised to 
occupy the upper rim of the segment voids. (not shown). 
 
The energy and appearance of a particular plasmon mode is highly dependent on the 
structural morphology of substrate, which for a sphere segment void structure, can be 
controlled by altering the sphere diameter from which the template is constructed or 
the height through the template to which gold is deposited. 
 
Consider a sphere segment void substrate prepared from a template with spheres of 
diameter  600 nm. At low  deposition thicknesses, the morphology  of  the  substrate 
resembles  shallow  dishes  (Figure  1.7a).  Plasmon  modes  associated  with  the  top-    21 
surface dominate this type of structure, and can be modelled effectively with Bragg 
diffraction. These types of plasmon are termed ‘Bragg plasmons’. The energy of these 
types  of  plasmon  is  highly  dependent  on  the  angle  of  the  incident  radiation 
responsible for generating the plasmon
106, 107. 
 
As the deposition thickness increases to approximately half the sphere height (0.5d), 
the continuity of the top surface is disrupted (Figure 1.7b), and Bragg plasmons are no 
longer  generated  at  the  substrate.  Beyond  0.5d,  the  top-surface  begins  to  
re-form, and Bragg plasmons are again present at the substrate surface (Figure 1.7c). 
The presence of truncated spherical cavities at these deposition thicknesses also gives 
rise to plasmons that are highly localised within the cavity. These plasmons can be 
modelled  with  Mie  theory,  and  are  termed  ‘Mie  plasmons’.  These  modes  are 
independent of the angle of incident radiation, and their energy typically decreases 
with an increasing film height
106, 107. 
 
The third type of plasmon, the Rim mode, appears only when there is a complete rim 
about the top edge of the cavity. This occurs when the film height is below 0.3d 
(Figure 1.7a) and above 0.7d (Figure 1.7c). These modes form as a result of a build-up 
of charge at the void rim, and are referred to as ‘Rim modes’. 
 
 
Figure 1.7. Computer generated cross-sectional images of an SSV substrate at (a) 0.2d, (b) 0.5d and (c) 
0.7d, where (d = 600 nm). The type of plasmon mode that can be generated at the surface is highly 
dependent on the morphology. Bragg modes are present when the top surface is continuous (a, c). Rim 
plasmons are present when there is a complete rim about the top edge of the cavity (a, c). Mie modes 
are present only when there are truncated spherical voids (c). 
 
In addition to the three types of plasmon mode described above, many more plasmon 
modes can be observed experimentally at an SSV substrate. These are typically a 
result of plasmon hybridisation, or interference (coupling) between plasmon modes
117, 
118. This is similar to the formation of a molecular orbital from the mixing of two 
atomic orbitals. Plasmon modes can couple only if they are of the same symmetry
117,     22 
118. Overlap (‘mixing’) of the Mie and Rim plasmon modes results in the formation of 
two new energy modes; one of higher energy around 2eV, and one of lower energy.  
The higher energy mode generated by this plasmon hybridisation is particularly useful 
for achieving resonance with a 633 nm pump laser (633 nm = 1.96 eV).  
 
Thus, by controlling the surface morphology it is possible to obtain plasmon mixing 
in such a way as to ‘tune’ the electromagnetic fields to be resonant at a selected 
wavelength. In the case of the work presented in this thesis, substrates were tuned to 
be resonant at a pump wavelength of 633 nm, which corresponds to a 600 nm void 
diameter and a film height of 450 nm – 480 nm. The highly tuneable properties of the 
SSV substrate make it ideal for a variety of analytical studies. Furthermore, the robust 
all-metallic nature of the SSV substrate mean that it is ideally suited for use as an 
electrode  –  so  that  analytes  at  the  surface  can  be  studied  with  both  SERS  and 
electrochemistry simultaneously
110, 113. 
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1.3. Detection and Discrimination of DNA using SSV Substrates 
 
1.3.1. SERS Melting 
 
We have recently developed a SERS based platform for detecting and discriminating 
mutations in DNA sequences utilising sphere segment void (SSV) surfaces
56, 119. In a 
typical DNA discrimination assay using SERS on an SSV surface a modified probe 
strand is first attached to the gold surface via a series of three di-thiol linkers at a 
coverage of around 1.5 × 10
12 molecules per cm
2. The surface density is low to ensure 
that  hybridisation  with  DNA  from  solution  is  not  sterically  hindered
34,  35,  56.  The 
surface is then passivated by treatment with mercaptohexanol.  This prevents the non-
specific adsorption of DNA at the gold surface
120, 121, and reorients the probes DNA 
strand to stand out from the surface
120-123. The target DNA strand with a Raman active 
label is introduced from solution and allowed to hybridise to the bound probe strand 
to  form  double-stranded  DNA  (dsDNA)  at  the  surface.  By  applying  an  external 
driving force, the bound dsDNA can be denatured, and the ease with which this is 
achieved is a function of both the base-pair composition and any mutations present.  
 
The gradual denaturation of the dsDNA on the surface is monitored by measuring the 
intensity of the Raman signal from the labelled target DNA. The SERS enhancement 
is very strongly surface selective, and as the labelled DNA diffuses away from the 
enhanced electromagnetic field localised within ~50 nm of the SSV surface that is 
responsible for the SERS enhancement, the signal intensity drops. The point at which 
half of the surface-bound dsDNA has denatured (when the Raman signal is reduced to 
50% of its maximum) is defined as the melting point. The external force used to drive 
duplex  denaturation  on  the  SSV  surface  can  be  solution  composition  (stringency 
washing),  temperature  (thermal  melting),  or  electrode  potential  (electrochemical 
melting).  
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1.3.2. Electrochemical Melting 
 
Electrochemical  melting  is  of  particular  interest  as  a  driving  force  for  DNA 
denaturation because it offers several advantages as the basis of a DNA discrimination 
method in point of care applications, where there is a particular demand for simple, 
low-cost devices that can produce rapid results.  
 
The first reported observation of electrochemical melting (or ‘unwinding’) of native 
DNA  was  at  a  mercury  drop  electrode  in  1974
124,  125.  Despite  several  other 
observations of  electrochemically driven DNA  denaturation in the interlude
126,  127, 
there was no attempt to utilise electrochemical denaturation to discriminate between 
DNA duplexes until 1997, when Sonowski et al. immobilised DNA in a silicon nitride 
gel at a platinum electrode
128. They demonstrated that it was possible to discriminate a 
duplex containing a single-base mismatch from wild-type by observing the relative 
drop  in  florescence  upon  application  of  a  negative  bias.    In  2001  Heaton  et  al. 
demonstrated the discrimination of a two-base mismatch by monitoring changes in 
surface plasmon resonance upon exposure of gold-immobilised duplexes to an electric 
field  of  -300  mV  vs.  Ag/AgCl
129.  Electrochemical  denaturation  has  also  been 
observed  with  chemiluminesence
130  and  impedance
131.  However,  in  all  of  these 
examples a constant bias voltage was used, and because of the low magnitude of the 
applied voltage only partial denaturation was observed. More recently, complete DNA 
denaturation  has  been  monitored  with  the  aid  of  square  wave  stripping 
voltammetery
132,  although  the  technique  was  not  utilised  to  discriminate  between 
duplexes of different structures.  
 
In contrast, the SERS electrochemical melting assays developed by our group have 
proven effective at discriminating between multiple DNA structures, and has been 
utilised to discriminate mutations in the gene responsible for coding for the Cystic 
Fibrosis Transmembrane Regulator (CFTR) protein
56. Discrimination of the wild type 
1653C/T single nucleotide polymorphism and  F508 triplet deletion using spectra 
recorded from just 12,000 molecules of surface bound dsDNA (0.02 attomole) has 
been  demonstrated.  The  same  approach  has  also  been  used  to  discriminate  STR 
sequences  as  used  in  DNA  fingerprinting
133  at  a  similar  level  and  through     25 
measurements  on  DNA  produced  by  asymmetric  PCR  without  the  need  for  a 
subsequent purification step
56.  
 
Electrochemical  melting  offers  several  advantages  as  the  basis  of  a  simple  DNA 
discrimination  method,  particularly  in  point  of  care  applications.  However,  the 
mechanism behind electrochemical melting is not well established, and in order to 
design better discrimination assays it is desirable to both understand the underlying 
mechanism at the electrode surface, and to relate electrochemical melting to existing 
models describing DNA stability. 
 
1.4. Research Objectives and Thesis Overview 
 
The research described in this thesis builds upon the initial SERS electrochemical 
melting  experiments  that  were  used  to  discriminate  between  mutations  and  short 
tandem repeats in DNA. The overall research objective has been to better understand 
the electrochemical melting mechanism, and to improve the technology such that it 
can become viable in a point-of-care environment. 
 
In Chapter two, the equipment, chemicals and methods used throughout this thesis are 
described. A detailed description of the preparation of sphere segment void (SSV) 
substrates and their use in electrochemical melting assays is given. 
 
In  Chapter  three,  the  effect  of  dsDNA  structure  on  electrochemical  melting  is 
described. The stability of an electrode-immobilised duplex under an applied potential 
is discussed in the context of existing thermodynamic (nearest neighbour) models that 
describe  the  thermal  stability  of  dsDNA  in  solution.  The  work  described  in  this 
chapter has laid the foundation for the design of better electrochemical discrimination 
assays in the future. 
  
In Chapter four, the effect of the buffer composition on electrochemical melting is 
explored in order to better understand the mechanism responsible for the denaturation.  
Firstly, the effect of solution pH on duplex stability is described. A novel method for 
monitoring both DNA denaturation and the local pH simultaneously using surface     26 
enhanced  Raman  spectroscopy  (SERS)  is  demonstrated.  Secondly,  the  effect  of 
solution  ionic  strength  and  ion  composition  on  duplex  stability  is  described.  The 
observed changes in stability are explained in terms of the presence of the electrical 
double layer (EDL) at the dsDNA immobilised electrode surface. 
 
In Chapter five, the discrimination of mutations in the CTFR gene without the need to 
attach a Raman label dye to the desired target nucleotide is demonstrated. The results 
present  a  significant  milestone  towards  the  development  of  a  point-of-care 
electrochemical melting assay, because label-free detection methods offer a way of 
detecting the target nucleotide directly and without the need for synthetic treatment 
prior to measurement. 
 
In  Chapter  six,  conclusions  and  suggestions  for  further  work  are  presented.  The 
results  of  the  previous  chapters  are  discussed  in  terms  of  the  insight  gained  into 
electrochemical melting, and a mechanism for the denaturation is proposed. Finally, 
some future experiments that should help further our understanding of the process are 
proposed. 
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2. Materials and Methods 
 
The experimental procedures in this chapter are a general description of the methods 
used. Details of specific experimental conditions accompany the results in the relevant 
chapter of this thesis. 
 
2.1. Materials 
All aqueous solutions were prepared using deionised water (resistivity 18 M  cm) 
from a Purite select water purifying system. An extensive list of the chemicals and 
materials is provided alphabetically in Table 2.1.  
 
Table 2.1. List of chemicals and materials used. 
 
Chemical/Material  Purity  Supplier 
Acridine orange  99.8 %  Sigma-Aldrich 
Ammonium chloride  99.9 %  Sigma-Aldrich 
Argon  99.988 %, Pureshield  Boc Gases 
Brightener (E3)  -  Metalor Technologies 
Caesium chloride  99.9 %  Sigma-Aldrich 
4',6-diamidino-2-
phenylindole 
98 %  Invitrogen 
Dimethylformamide  HPLC grade  Rathburn Chemicals 
Dimethlysulfoxide  Glass distilled grade  Rathburn Chemicals 
DRAQ 5™  -  Invitrogen 
Ethanol  HPLC grade  Rathburn Chemicals 
Gold Plating Solution 
(ECF 60) 
-  Metalor Technologies 
Gold wire  0.05 mm diameter, 
99.995% 
Alfa-Aeasar 
Hoechst 33258  98 %  Invitrogen 
Hydrochloric acid  Aristar grade  BDH (VWR) 
Lithium chloride  99.9%  Sigma-Aldrich 
Magnesium chloride  98 %  Sigma-Aldrich      
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Mercaptohexanol  97 %  Sigma-Aldrich 
Mercury  99.9998 %  Alfa-Aesar 
Mercury (I) chloride  99.5 %  Alfa-Aesar 
Methylene Blue  99.8 %  Sigma-Aldrich 
para-Mercaptobenzoic 
acid 
90 %  Sigma-Aldrich 
Potassium chloride  99.9 %  Sigma-Aldrich 
Polystyrene colloidal 
spheres 
1 % wt. Solutions   Duke Scientific 
Platinum wire  99.995 %   Alfa-Aeasar 
Sodium chloride  99.9 %  Sigma-Aldrich 
Sodium hydroxide  99.99 %  Sigma-Aldrich 
Sodium phosphate 
monobasic 
≥ 98 %  Sigma-Aldrich 
Sulfuric acid  Aristar grade  BDH (VWR) 
To-Pro 3  -  Invitrogen  
Trizma® Base  99.8 %  Sigma-Aldrich 
 
2.2. Reference Electrodes 
 
Home made saturated calomel electrodes (SCE) and silver/silver chloride electrodes 
(Ag/AgCl)  were  prepared  in  accordance  with  standard  procedures
1,  and  stored  in 
saturated potassium chloride solution when not in use. 
 
2.3. Preparation of Sphere Segment Void Substrates 
 
2.3.1. Assembly of Colloidal Templates 
 
Sphere Segment Void (SSV) substrates were prepared from the electrodeposition of 
metal  through  a  colloidal  crystal  template.  The  construction  of  colloidal  crystal 
templates has been described extensively
2-5, and a wide variety of techniques can be 
used to prepare both mono and multi-layers of closely packed colloidal particles. 
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The  method  of  template  preparation  described  in  this  section  is  based  on  the 
convective assembly process studied extensively by Nagayama and co-workers
6-8, in 
which a monolayer of hexagonally close packed polystyrene spheres is assembled 
from a mono-disperse solution of colloidal particles during a controlled evaporation 
process (Figure 2.1). The capillary emersion forces that arise during the controlled 
evaporation of water from the colloidal particle solution drives the formation of the 
colloidal crystal template.  
 
Figure 2.1. Illustration showing the self-assembly of colloidal spheres at a gold substrate. Controlled 
evaporation of water from the colloidal particle solution results in a capillary immersion force that 
attracts the particles towards each other, forming the colloidal crystal template. 
 
A thin layer cell filled with colloidal particles and kept at a defined temperature and 
orientation  was  used  to  control  the  evaporation  process.  A  standard  gold-chrome 
coated microscope slide was prepared by thermal vapour deposition of approximately 
200 nm gold (99.9 %, Agar) on to a standard microscope glass slide (76 mm x 26 mm, 
Menzel-Gläser).  The  gold-chrome  coated  microscope  slide  was  carefully  cut  into 
eight sections (19 mm x 13 mm), and each was cleaned by sonication in ethanol 
(HPLC grade, Rathburn) for 2 h.  
 
A thin layer cell (Figure 2.2) was then constructed from a glass cover slip (Menzel-
Gläser, 24 x 24 mm, thickness 17 mm) and a section of the gold separated from the      
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gold surface by a Parafilm (Pechiney Plastic Inc.) spacer approximately 100 microns 
thick. 
  
 
Figure 2.2.  Schematic (not to scale) showing the preparation of a thin layer cell for the convective 
assembly  of  a  monolayer  colloidal  crystal  template.  Typical  dimensions  are  included.  The  three 
components are held together by gently melting the Parafilm allowing it to stick to both the gold and 
the cover slip. 
 
A gap was left at the top of the thin layer cell to allow for filling of the colloidal 
sphere solution by capillary action. The template was then incubated at 13 °C and 
held at a 15 ° inclination for two days to allow controlled convective assembly of the 
colloidal template.  
 
The templates used in this work were prepared from mono-disperse spheres of 600 nm 
diameter (size distribution 12.2 nm), but the methods described can be used to prepare 
large, well-ordered arrays for wide variety of sphere sizes ranging 200 to 1600 nm by 
altering the temperature and inclination angle during the evaporation process
9.  
 
2.3.2. Electrodeposition 
 
Electrodeposition was carried out using a conventional three-electrode system from a 
commercial gold plating solution (ECF 60, Metalor) containing 100  L brightener 
(E3, Metalor) per 20 ml plating solution. During electrodeposition, the brightener acts 
as a catalyst, enhancing the nucleation of gold, preventing an uneven deposit and 
ensuring that the deposited metal is a true cast of the polystyrene template
10.  The 
colloidal template was used as the working electrode, with redundant areas insulated 
(using common clear nail varnish) to prevent conduction. A large area platinum gauze  
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was used as the counter-electrode and a homemade saturated calomel electrode (SCE) 
was used as the reference.  
 
Gold was deposited from solution by applying a potentiostatic pulse at –0.72 V vs. 
SCE, and the volume of gold deposited monitored from the charge passed. A typical 
current-time transient is shown in Figure 2.3. After the initial nucleation and first few 
layer of the gold deposition, the shape of transient is dominated by the geometry of 
the template. As the film height increases, the area of exposed gold decreases and 
reaches  a minimum when  the  deposition film height  is equal to the  radius of  the 
spheres (0.5d). Further deposition beyond 0.5d results in an increase in the surface 
area and therefore the measured current again increases.  
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Figure  2.3.  Current-time  transient  for  the  electrochemical  deposition  of  gold  through  a  600  nm 
colloidal crystal template to 480 nm. The geometric area of the template was 0.3 cm
-2. A potential of  
-0.72 V vs. SCE was applied in a commercial gold plating bath (ECF 60/E3, Metalor Technologies). 
 
After  deposition  the  polystyrene  spheres  were  removed  by  immersion  in 
dimethylformamide  (DMF)  for  thirty  minutes,  and  the  substrates  were  rinsed  in 
deionised  water  before  immediate  use.  The  construction  of  sphere  segment  void 
substrates is summarised in Figure 2.4. 
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Nanosphere template Electrodeposition SSV surface Electrodeposition Dissolution of spheres SSV surface Nanosphere template Electrodeposition SSV surface Electrodeposition Dissolution of spheres SSV surface  
Figure 2.4. Summary of the method used to prepare sphere segment void substrates from a monolayer 
of polystyrene spheres on gold. 
 
2.3.3. Characterisation 
 
The structure and morphology of sphere segment void substrates were inspected in the 
first  instance  using  a  Philips  XL30  environmental  scanning  electron  microscope 
(ESEM) using a 30 kV accelerating voltage. High resolution images were acquired 
with a Jeol 6500F Field Emission Gun Scanning Electron Microscope (FEGSEM) 
with the electron beam energized at 15 kV. SEM images of varying resolutions for a 
typical  sphere  segment  void  substrate  prepared  from  a  600  nm  colloidal  crystal 
template are shown in Figure 2.5. The deposition thickness was 480 nm. 
 
 
Figure 2.5. SEM micrographs of a 0.8d (d = 600 nm) gold sphere segment void substrate at varying 
resolutions.  
 
2.4. Raman Spectroscopy 
 
All  Raman  measurements  were  carried  out  using  a  Renishaw  2000  Raman 
spectrometer, equipped with a Renishaw 633 nm He-Ne laser and a Lecia DMLM 
series  microscope.  The  maximum  power  output  of  the  laser  (as  measured  at  the 
sample)  was  2.7  mW,  although  typically  lower  powers  were  used  during  data  
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acquisition. The precise collection parameters used varied widely, and specific details 
are described where appropriate in the results chapters.   
 
Scattered light was collected at the sample by employing a microscope objective with 
a ×50 magnification, which had either a short working distance (0.37 mm) or a long 
working distance (8 mm). The numerical apertures of the short and long working 
distance objectives were 0.75 and 0.55 respectively. 
 
Prior to each use, the spectrometer grating was calibrated by measuring the position of 
the  most  prominent  band  from  a  silicon  (111)  wafer,  which  should  be  present  at  
520.6 cm
-1.  
 
2.5. DNA Preparation 
 
The oliogonucleotides described in  this section were designed and synthesised by 
either James Richardson or Rachel Gao.                                
 
2.5.1. Synthesis 
 
Standard  DNA  phosphoramidites,  solid  supports  and  additional  reagents  were 
purchased  from  Link  Technologies,  Sigma  and  Applied  Biosystems.  Synthesis 
columns  were  obtained  from  Link  Technologies  for  3’-  C7-aminoalkyl 
oligonucleotides and the dithiol phosphoramidite was purchased from Glen Research. 
All  oligonucleotides  were  synthesized  on  an  Applied  Biosystems  394  automated 
DNA/RNA synthesizer using a standard 0.2 or 1.0 µmole phosphoramidite cycles of 
acid-catalyzed  detritylation,  coupling,  capping  and  iodine  oxidation.  Stepwise 
coupling  efficiencies  and  overall  yields  were  determined  by  the  automated  trityl 
cation  conductivity  monitoring  facility  and  in  all  cases  were  >98.0%.  All  β-
cyanoethyl phosphoramidite monomers were dissolved in anhydrous acetonitrile to a 
concentration of 0.1 M immediately prior to use. The coupling time for normal (A, G, 
C,  T)  monomers  was  35  s  and  the  coupling  time  for  the  dithiol  monomers  was 
extended  to  600  s.  Cleavage  of  oligonucleotides  from  the  solid  support  and 
deprotection was achieved by exposure to concentrated aqueous ammonia for 60 min      
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at room temperature followed by heating in a sealed tube for 5 h at 55 °C. The 3’-
Texas red-labelled oligonucleotides were synthesized by post-synthetic labeling of 3’-
aminoalkyl oligonucleotides which were assembled using C7-aminolink solid support 
described above.  
 
To  incorporate  the  Texas  Red  chromophore  at  the  3’-end  of  C7-aminoalkyl 
oligonucleotide,  50-150  nmol  of  the  oligonucleotide  in  70  µL  of  0.5  M 
Na2CO3/NaHCO3 buffer (pH 8.75) was incubated overnight at room temperature with 
625 µg of the succinimidyl ester of Texas Red (Invitrogen) in 40 µL of DMSO. The 
crude oligonucleotides were purified by reversed-phase HPLC and desalted by NAP-
10  gel-filtration  according  to  the  manufacturer’s  instructions  (GE  Healthcare). 
Reversed-phase  HPLC  purification  was  carried  out  on  a  Gilson  system  using  an 
Phenomenex column (C8), 10 mm x 250 mm, pore size 100 Å.  
 
The following HPLC conditions were used: run time 20 min, flow rate 4 mL per min, 
binary system, gradient: time in min (% buffer B); 0 (0); 3 (0); 3.5 (15); 15 (60); 16 
(100); 17 (100); 17.5 (0); 20 (0). Elution buffer A: 0.1 M ammonium acetate, pH 7.0, 
buffer  B:  0.1  M  ammonium  acetate  with  50%  acetonitrile  pH  7.0.  Elution  of 
oligonucleotides  was  monitored  by  ultraviolet  absorption  at  295  nm.  Texas  Red 
oligonucleotides gave two product peaks corresponding to the 5- and 6- regioisomers 
of Texas Red. The first peak (5-isomer) was collected and used in the subsequent 
SERS  experiments  and  the  second  peak  was  discarded.  After  HPLC  purification 
oligonucleotides were desalted using NAP-10 Sephadex columns (GE Healthcare), 
aliquoted  into  eppendorf  tubes  and  stored  at  –20  ºC.    All  oligonucleotides  were 
characterized by MALDI-TOF mass spectrometry and capillary electrophoresis. 
 
2.5.2. Structures and Sequences 
 
An exhaustive list of the DNA sequences used is provided in Table 2.2. Generally, 
thiol modifications were placed at 5’ end of the ‘probe’ DNA strand whilst reporter 
molecules were placed at the 3’ end of the complementary ‘target’ strand. Proximity 
of the label to the surface ensured the maximum possible SERS signal was obtained.   
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Table 2.2. List of DNA sequences and modifications used. 
 
Code  5’ Mod
*  Sequence (5’ – 3’)  3’ Mod 
Res1561  HXHXHX  AGG AAA CAC CAA AGA TGA TAT T  / 
Res1567  /  TCC TTT GTG GTT TCT ACT ATA A  Texas Red 
Res0653  /  TCC TTT GTG GCT ACT ATA A  Texas Red 
Res1528  /  TCC TTT GTG GTT TCT ACT ATA A  / 
Res1568  /  TCC TTT GTG GTT TTT ACT ATA A  / 
Res1569  /  TCC TTT GTG GCT ACT ATA A  / 
A6894  HXHXHX  GCC TGT CAG ATA  / 
A6895  /  TAT CTG ACA GGC T  Cy3 
Res0587  HXHXHX  ATT TCA GTC AAG TC  / 
Res0585  HXHXHX  ATT TCA GTC GAG TC  / 
A5500  HXHXHX  ATC TCA GTC GAG TC  / 
Res0586  HXHXHX  ATC TCG GTC GAG TC  / 
Res0588  HXHXHX  ATC TCG GGC GAG TC  / 
Res0591  Texas Red  GAC TTG ACT GAA AT  / 
Res0589  Texas Red  GAC TCG ACT GAA AT  / 
A5196  Texas Red  GAC TCG ACT GAG AT  / 
Res0590  Texas Red  GAC TCG ACC GAG AT  / 
Res0592  Texas Red  GAC TCG CCC GAG AT  / 
 
Typically, the label chosen as the reporter molecule was a commonly used flurophore, 
since their SERS spectra and attachment chemistry are well documented. Choice of a 
label that has an adsorption (λmax) overlap with the Raman excitation laser (633 nm) 
can  also  result  in  additional  enhancement  to  the  signal  obtained,  due  to  surface 
enhanced resonant Raman scattering (SERRS). Structures of the labels, and the linker 
used to synthetically attach them to the oligonucleotide are shown in Figure 2.6. 
 
                                                
* HXHXHX represents a thiol anchor that has been specifically designed with hexaethyleneglycol 
spacer groups to provide a large molecular footprint (Figure 2.7).      
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Figure 2.6. Chemical structures and attachment chemistry for the Raman labels (a) Texas Red, and (b) 
cy3®.   
 
2.5.3. Immobilisation of DNA onto SSV Substrates 
 
Thiol modified DNA samples were diluted to 1  M in 10 mM Tris buffer solution (pH 
7.2) containing 1 M NaCl. Sphere segment void (SSV) substrates were immersed into 
the 1  M DNA solutions for 24 h at 4 °C, yielding an approximate surface coverage 
of 1.5×10
12 molecules cm
-2.
9, 11 
 
The combination of a high salt concentration in the buffer and long immobilisation 
time ensures the maximum possible surface coverage. That is, the surface coverage is 
determined exclusively by the molecular footprint of the thiol anchor, minimising the  
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possibility of surface coverage variation between experiments. The thiol anchor has 
been specifically designed with hexaethyleneglycol spacer groups (Figure 2.7) that 
provide a large molecular footprint. This maximises the efficiency of hybridisation 
upon introduction of a target nucleic acid by preventing steric hindrance. 
 
 
Figure 2.7.  Chemical structure of the thiol anchor nucleotide modification. The three di-thiol groups 
ensure strong binding to the surface of the gold substrate, whilst the hexaethyleneglycol spacers ensure 
a large molecular footprint.   
 
After immobilisation of the probe oligonucleotide, the remainder of the surface was 
passivated by soaking the SSV substrate into a 1 mM solution of mercapothexanol in 
10  mM  Tris  buffer  solution  (pH  7.2)  containing  1  M  NaCl  for  30  min.  The 
mercaptohexanol forms a dense sub-layer that prevents non-specific binding
12, 13 and 
forces  the  bound  DNA  into  an  upright  conformation
14,  15.  Substrates  were  rinsed 
thoroughly with a10 mM Tris buffer solution (pH 7.2) containing 1 M NaCl before 
being used in electrochemical experiments. 
 
2.5.4. Surface Coverage Determination 
 
The surface coverage of the immobilised oligonucleotides was determined by using 
the coloumetric method described by Steel and co-workers
16. A three electrode system 
was used for the measurements, where the DNA covered SSV surface and a platinum 
gauze  were  used  as  the  working  and  counter  electrodes  respectively.  A  saturated 
calomel electrode (SCE) was used as the reference.  
 
A 500 ms pulse at -400 mV vs. SCE was applied from an initial potential of 100 mV 
in the presence and absence of ruthenium hexamine. The supporting electrolyte used 
was a 10 mM Tris (pH 7.2) buffer containing 10 mM NaCl which was purged with 
argon for 30 min and blanketed with argon thereafter. 
      
 
       43 
The integrated charge Q at time t is given by the following expression: 
0
0 0
2
1
2
1
2
1
2
Γ + + = nFA Q
t c nFAD
Q dl
π
  2.1 
 
Where t is the time, n is the number of electrons transferred, F is the Faraday constant, 
A is the area of the electrode, D0 is diffusion coefficient of the electro-active species 
in  solution  and c0 the bulk concentration of [Ru(NH3)6]
3+, Qdl is the double layer 
charge, and Γ0 is the surface coverage of bound [Ru(NH3)6]
3+. 
 
Under conditions of saturation, that is, when the charge of the phosphate backbone is 
entirely compensated by the redox marker, the surface coverage of the DNA can be 
determined from the following expression: 
( ) A DNA N m z/ 0 Γ = Γ   2.2 
 
Where  ΓDNA  is  the  surface  coverage  of  the  DNA,  m  is  the  number  of  phosphate 
residues, z is the charge of the redox molecule, and NA is Avogadro’s number. 
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2.6. PNA Preparation 
 
Peptide nucleic acid sequences (PNA) were purchased from ATD Bio (Southampton), 
and used without further purification. 
 
2.6.1. Structures and Sequences 
 
The PNA sequences used are detailed in Table 2.3. In common with the design of 
DNA oligonuclotides, thiol modifications were placed at 3’ end of the ‘probe’ DNA 
strand  whilst  reporter  molecules  were  placed at  the  5’  end  of  the  complementary 
‘target’ strand, ensuring the maximum possible SERS signal was obtained. The thiol 
anchor modification used to ensure binding to the gold surface was identical to that 
used for DNA, shown in Figure 2.6. 
 
Table 2.3. List of DNA sequences and modifications used. 
 
Code  5’ Mod  Sequence (5’ – 3’)  3’ Mod 
P264  HXHXHX  GCCTGTCAGATA  / 
P265  /  TATCTGACAGGCT  Cy3 
 
2.6.2. Immobilisation of PNA onto SSV Substrates 
 
Purified PNA samples were diluted to 1  M in a 50:50 co-solvent of DMSO and 10 
mM Tris (pH 7.2), containing 1 M NaCl. Sphere segment void (SSV) substrates were 
immersed into the 1  M DNA solutions for 24 h at 4 °C. 
 
After immobilisation of the probe oligonucleotide, the remainder of the surface was 
passivated by soaking the SSV substrate into a 1 mM solution of mercapothexanol in 
10  mM  Tris  buffer  solution  (pH  7.2)  containing  1  M  NaCl  for  30  min.  The 
mercapothexanol  forms  a  dense  sub-layer  that  prevents  non-specific  binding  and 
forces the bound PNA strands into an upright conformation. Substrates were rinsed 
thoroughly with a 10 mM Tris buffer solution (pH 7.2) containing 1 M NaCl before 
being used in electrochemical experiments. 
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2.5.5. Surface Coverage Determination 
 
The surface coverage of the immobilised PNA was determined using the same method 
as that described in section 2.5.2 for DNA.  Although there are no phosphate groups 
on the PNA itself, the hexaethylene glycol linker that anchors the PNA to the gold 
surface is that same as that used for the DNA and contains three phosphate groups that 
can interact with the added ruthenium hexamine. 
 
2.7. DNA and PNA Denaturation 
 
2.7.1. Thermal Denaturation in Solution 
 
Solution-based  thermal denaturation  was carried  out  on  a  Varian  Cary  4000  UV-
Visible spectrophotometer. 1 µM solutions (1 ml) of dsDNA or PNA/DNA duplexes 
were prepared in the desired buffer solution, and the temperature ramped at 1 °C per 
minute after an initial annealing step. Denaturation of duplex was measured from 
changes in UV adsorption spectrum at 260 nm. 
 
2.7.2. Thermal and Electrochemical Melting at an SSV Surface 
 
Both thermal and electrochemical melting at a sphere segment void substrate surface 
was carried out in a custom built spectro-electrochemical Raman cell designed by 
Ventacon ltd. (Figure 2.8). The cell was specifically designed for use with a Renishaw 
2000 Raman microscope equipped with a standard Prior microscope stage. It utilises a 
horizontal geometry for viewing under the microscope. A thin 150  l liquid film is 
maintained on the substrate. Thermal control is provided by a water jacket, whilst 
electrochemical control is provided by a three-electrode arrangement inside the cell, 
where the SERS substrate is used as the working electrode, and a platinum wire as the 
counter with a pseudo silver/silver chloride as the reference. 
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Figure  2.8.  Photograph  of  the  spectro-electrochemical  cell  designed  for  DNA  detection  and 
denaturation.  The  cell  utilises  a  three-electrode  system  (with  the  SERS  substrate  as  the  working 
electrode) and a water jacket so that both the temperature and potential can be effectively controlled. 
 
In  a typical thermal melting experiment the temperature was  ramped at 1  °C per 
minute by flowing water through the cell jacket via a computer controlled water bath 
(Grant).  The  temperature  discrepancy  between  the  water  bath  and  the  substrate 
surface was monitored by a thermocouple embedded into the cell. 
 
In a typical electrochemical melting experiment the cell potential was swept at 0.05 
mV s
-1 or 0.1 mV s
-1 from a starting potential of -0.3 V up to -1.6 V vs. Ag/AgCl. All 
electrochemical  measurements  were  carried  out  using  an  EcoChemie   AutolabIII 
potentiostat/galvanostat at room temperature unless otherwise stated. 
 
In both cases the nucleic acid denaturation was monitored from changes in the Raman 
spectra of a reporter molecule, which was either a label covalently attached to the 
target strand (such as Texas red) or a DNA binding agent (such as methylene Blue). A 
wide range of collection parameters were used for the acquisition of Raman data, and 
specific collection parameters accompany the relevant data in the results chapters. 
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3. The Effect of Nucleic Acid Structure on Electrochemical 
Melting 
 
3.1. Overview 
The stability of a DNA duplex is  determined  by its structural composition. DNA 
duplexes are bound through a series of hydrogen bonds that link the constituent base 
pairs. In the case of an AT pair, there are two hydrogen bonds; and in the case of a GC 
pair, there are three hydrogen bonds. These hydrogen bonds can be broken to form 
two  single  strands of DNA when  sufficient energy is  provided, where the  energy 
required is dependent on the base-pair composition. In addition to hydrogen bonding, 
base-pair stacking interactions are also important in determining duplex stability
1, 2. 
The nitrogenous bases of DNA are flat and aromatic, and generally stack favourably 
on top of one another with overlapping π-bonds.  
 
This first part of this chapter introduces the concept of DNA thermodynamics, and 
demonstrates how existing models for DNA stability can be used to predict the results 
for an electrochemical melting experiment based on the fundamental thermodynamic 
properties of a DNA duplex. The results presented are significant because they can be 
exploited in the future to design electrochemical melting assays with known melting 
potentials.   
 
The second part of this chapter explores the electrochemical melting of duplexes that 
contain peptide nucleic acid (PNA); a DNA analogue with a neutral backbone that 
forms significantly stronger duplex structures
3. It is demonstrated that PNA duplexes 
immobilised at an electrode surface can be denatured under an applied electric field, 
suggesting  that  a  simple  electrostatic  repulsion  mechanism  for  electrochemical 
melting can be ruled out.   49 
3.2. DNA Thermodynamics 
 
3.2.1. The Van’t Hoff Equation 
 
The  stability  of  a  DNA  duplex  is  described  mathematically  by  the  Van’t  Hoff 
equation. The equation is the starting point for a derivation that describes the melting 
temperature of a duplex in terms of the fundamental thermodynamic properties and 
the total concentration of the duplex
1, 2. 
 
Consider the hybridisation of two nucleic acid strands, A and B, which together form 
the DNA duplex AB. The equilibrium constant, K, for this system is: 
[A][B]
[AB]
= K   3.1 
 
The relationship between temperature, T, and the equilibrium constant is described 
thermodynamically by the Van’t Hoff equation: 
R
S
RT
H
K
∆
−
∆
= −ln   3.2 
 
Where R is the gas constant and  H and  S are the change in enthalpy and the change 
in entropy for the system respectively. 
 
Rearranging the Van’t Hoff equation, gives: 
H
S
K
H
R
T ∆
∆
+
∆
− = ln
1
  3.3 
 
Assuming  no  other  nucleic  acids  are  present  the  equilibrium  constant  can  be  re-
written in terms of the extent of DNA hybridisation, α, and the total concentration, CT: 
( ) H
S
C H
R
T ∆
∆
+ 







− ∆
− =
T
2 1
2
ln
1
α
α
  3.4 
 
where: 
2[AB] [B] [A] T + + = C   3.5   50 
and, assuming [A] = [B], then: 
[AB] [A]
[AB]
+
= α   3.6 
 
The melting temperature, Tm, is described as the point at which half of the DNA 
strands present in the system will be in a single-stranded form and half will be in 
duplex form. Thus, at the melting temperature, the extent of DNA hybridisation will 
be α = ½: 
H
S C
H
R
T
T
m ∆
∆
+ 





∆
=
4
ln
1
  3.7 
 
3.2.2. Nearest Neighbour Models 
 
The values used for the enthalpy and entropy change upon DNA denaturation are 
generally determined from nearest neighbour models, in which the DNA duplex is 
treated as a string of interactions between neighbouring base-pairs with an additional 
correction made for the base-pair solvent interaction at either end of the strand. 
 
Thus, the enthalpy and entropy of duplex formation can be estimated by summing the 
individual  thermodynamic  parameters  for  neighbouring  base-pair  interactions.  For 
example,  the  enthalpy  of  formation  for  the  sequence  AATGCA  is  calculated  as 
follows: 
1
T
T
mol kcal 1 . 38 3 . 2 5 . 8 6 . 10 5 . 8 2 . 7 9 . 7 3 . 2
AE CA GC TG AT AA EA
− − = + − − − − − = ∆
+ + + + + + = ∆
H
H
 
 
Typical  entropy  and  enthalpy  values  for  the  different  neighbouring  base-pair 
interactions are given in Table 3.1
4. 
 
Nearest-neighbour  melting  temperatures  are  calculated  for  and  valid  when  the 
concentration  of  sodium  chloride  in  the  buffer  is  1  M.  An  entropic  correction  is 
applied for calculating melting temperatures at lower salt concentrations
5, 6.   51 
 
Table 3.1. Thermodynamic parameters for the possible combinations of base-pair stacks in a DNA 
duplex
4. An additional entropic correction of -1.4 cal mol
-1 K
-1 must be made for a self-complementary 
strand.
4 
 
Base pair stack (5’- 3’/3’- 5’)  ∆H / kcal mol
-1  ∆S / cal mol
-1 K
-1 
AA/TT  -7.9  -22.2 
AT/TA  -7.2  -20.4 
TA/AT  -7.2  -21.3 
CA/GT  -8.5  -22.7 
GT/CA  -8.4  -22.4 
CT/GA  -7.8  -21.0 
GA/CT  -8.2  -22.2 
CG/GC  -10.6  -27.2 
GC/CG  -9.8  -24.4 
GG/CC  -8.0  -19.9 
EG/EC
* and EC/EG
*  0.1  -2.8 
ET/EA
* and EA/ET
*  2.3  4.1 
 
*E is in initiation parameter that represents the interaction between the terminal base-pairs and the 
neighbouring solvent. 
 
3.3. The Effect of dsDNA Structure on the Melting Potential 
 
In a ‘classic’ DNA melting experiment, energy is provided by heating the duplex and 
monitoring the denaturation. The point at which half of the DNA strands are in the 
double  stranded  state,  and  half  are  in  the  single  stranded  state  is  the  melting 
temperature, Tm. As demonstrated in Section 3.2., the melting temperature can be 
predicted for a duplex of known sequence by using nearest neighbour models and the 
Van’t Hoff equation.  
 
In an electrochemical melting experiment, the driving force behind denaturation is a 
change  in  potential  at  the  electrode  surface  rather  than  temperature.  The  point  at 
which half of the number of DNA strands at the surface in duplex form are denatured   52 
during an electrochemical melting experiment is described as the melting potential, 
Em.  In  order  to  design  DNA  probes  with  predictable  electrochemical  melting 
potentials  for  future  assay  applications,  it  is  necessary  to  understand  how  the 
electrochemical melting potential is related to the thermal melting temperature. This 
will  allow  existing  thermodynamic  models  to  be  used  to  predict  DNA  melting 
temperatures based on structure.  
 
3.3.1. DNA Preparation and Design 
 
Five 14-base long double stranded DNA (dsDNA) sequences (Table 3.2) were used in 
this investigation. Each dsDNA was composed of a 5’ modified probe oligonucleotide 
and a corresponding complementary target oligonucleotide labelled on the 5’ end with 
Texas Red. The probes were designed to bind to the gold substrates through three 
dithiol phosphoramidites and one hexaethyleneglycol (HEG) spacer attached to the 
probe oligonucleotide on 5’ end. Each dithiol monomer can form two gold-sulphur 
bonds, ensuring that the probe oligonucleotide is strongly bound to the gold SSV 
surface. 
 
dsDNA sequences 1 to 5 (Table 3.2) were designed to be sequentially more stable by 
replacing  AT  base  pairs  by  GC  base  pairs.  In  principle,  GC  base  pairs  are  more 
thermodynamically stable than AT base pairs because they have three hydrogen bonds 
in comparison to  two hydrogen  bonds  for the  AT base  pair. The sequences were 
confirmed to be non self-complementary and the thermal melting temperatures were 
predicted  using  the    publicly  available  “oligoanalyzer”  application;  published  by 
Integrated  DNA  technologies®  and  available  online  at  http://eu.idtdna.com/.  This 
program uses the nearest neighbour method for predicting melting temperatures with 
an average error of ± 2 °C.   In the nearest neighbour method, the binding enthalpy, 
∆Htotal, and binding entropy, ∆Stotal, for the DNA duplex are calculated as the sum of 
tabulated values of ∆H and ∆S for each pair of neighbouring bases taken in sequence 
through the structure together with an initiation term that depends on whether the 
sequence starts with AT or GC. The melting temperature is then calculated from these 
∆Htotal and ∆Stotal values taking into account the salt concentration. 
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Table 3.2 The different dsDNA samples used in this study. X is a disulfide (dithiol) monomer, H is a 
hexaethyleneglycol (HEG) spacer and TR is the Texas Red la.  The GC base pair substitutions are 
highlighted in bold. Structures of the dithiol linker and label used are shown in Chapter 2. 
 
5’XXXH  A  T  T  T  C  A  G  T  C  A  A  G  T  C  3’  dsDNA 
1  3’  T  A  A  A  G  T  C  A  G  T  T  C  A  G  TR5’ 
5’XXXH  A  T  T  T  C  A  G  T  C  G  A  G  T  C  3’  dsDNA 
2  3’  T  A  A  A  G  T  C  A  G  C  T  C  A  G  TR5’ 
5’XXXH  A  T  C  T  C  A  G  T  C  G  A  G  T  C  3’  dsDNA 
3  3’  T  A  G  A  G  T  C  A  G  C  T  C  A  G  TR5’ 
5’XXXH  A  T  C  T  C  G  G  T  C  G  A  G  T  C  3’  dsDNA 
4  3’  T  A  G  A  G  C  C  A  G  C  T  C  A  G  TR5’ 
5’XXXH  A  T  C  T  C  G  G  G  C  G  A  G  T  C  3’  dsDNA 
5  3’  T  A  G  A  G  C  C  C  G  C  T  C  A  G  TR5’ 
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3.3.2. Solution Based-Thermal Melting 
 
As  expected,  a  linear  relationship  is  observed  between  the  calculated  nearest-
neighbour melting temperature and the experimentally determined value for the five 
strands  (Table 3.3). The  slightly higher experimental  melting  temperatures can be 
attributed  to  the  synthetic  modifications  made  to  the  oligonucleotides,  where  the 
addition of the Texas Red label is responsible for the increase in duplex stability
7. 
Calculated melting temperatures are based on the stability of 1  M of dsDNA in the 
presence of 0.1 M NaCl. Experimental melting temperatures were determined using 
UV-absorbance spectroscopy as described in Chapter 2, with 1  M of oligonucleotide 
diluted in a 10 mM phosphate buffer (pH 8.1) containing 0.1 M NaCl.  
  
Table 3.3. Melting temperatures and thermodynamic properties of the five dsDNA duplexes used in 
this  study.  Melting  experiments  were  carried  out  in  using  UV-VIS  spectroscopy  in  solution.  The 
supporting buffer was 10mM phosphate (pH 8.1) containing 0.1 M NaCl and 1  M dsDNA. 
 
  Calculated Tm 
/ ºC 
Experimental Tm 
/ ºC 
∆H  
/ kcal mol
-1 
∆S  
/ cal mol
-1 K
-1 
dsDNA 1  42  48.30 ± 0.19  -102.5  -283.9 
dsDNA 2  45  51.96 ± 0.13  -104.9  -288.7 
dsDNA 3  47  55.13 ± 0.25  -105.1  -287.5 
dsDNA 4  51  58.09 ± 0.28  -107.4  -291.2 
dsDNA 5  55  61.40 ± 0.15  -108.6  -290.9 
 
3.3.3 Electrochemical Melting 
 
Electrochemical melting (E-melting) experiments were performed using each of the 
five oliogonucleotides in order to determine the melting potential. In each experiment, 
after hybridisation with the target, the potential was ramped at 0.5 mV s
-1 from a 
starting potential of –0.3 V to a final potential of –1.6 V vs. Ag/AgCl and SER spectra 
were recorded in 25 mV intervals.  
 
Typical data from an E-melting experiment is shown in Figure 3.2. The bands at 1500 
cm
-1 and 1437 cm
-1, are characteristic of the Texas Red label which is pre-resonant   55 
with the 633 nm laser used in these experiments (λmax 590 nm).  The Texas Red SERS 
signals initially rise as the potential becomes more negative before reaching a plateau 
at  –0.875  V.  This  initial  rise  is  reversible  (Figure  3.1),  and  is  attributed  to  a 
rearrangement of the Texas Red label and/or the dsDNA as a function of the applied 
potential
8, 9. Reversible changes in the orientation of dsDNA at electrode surface of 
the  type  suggested  here  have  been  investigated  by  Rant  et  al.  using  fluorescent 
measurements
10, 11. 
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Figure  3.1.  (A)  Selected  SERS  spectra  of  surface  immobilised  dsDNA  labelled  with  Texas  red 
demonstrating the reversible changes in SERS signal as function of applied potential. (B) Recorded 
cyclic voltammograms and (C) background-corrected peak height for the 1500 cm
-1 band as a function 
of applied potential. The potential was swept at 1 mV s
-1 between -400 and -700 mV vs. Ag/AgCl in a 
10 mM phosphate buffer (pH 8.1) containing 100 mM NaCl. SERS spectra were collected at 25 mV 
intervals in static mode using a 10 s acquisition.    56 
 
On continuing to scan the potential cathodic beyond –0.975 V there is a rapid and 
irreversible decrease in the SERS signals for the Texas Red label (Figure 3.2.). This 
corresponds to denaturation of the dsDNA bound to the SSV surface and loss of the 
Texas Red labelled target strands to the bulk solution where they no longer contribute 
to the SERS signal.  This corresponds to the E-melting process.  Earlier work in our 
group has confirmed that the probe strand remains bound to the surface under these 
conditions so that the surface can be re-hybridised to target strands in solution and 
reused
8, 9.   57 
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Figure  3.2.  Data  from  dsDNA  3;  representative  of  a  typical  E-melting  experiment  in  which  the 
potential was swept at 1 mV s
-1 from an initial potential of -0.3 V in pH 8.1 10 mM phosphate buffer 
containing 0.1 M NaCl. (B) Representative spectra indicative of the change in peak height with applied 
potential. (B) The variation of the peak intensity at 1500 cm
-1 as a function of applied potential. Spectra 
were acquired in static mode with a single 10 s acquisition. 
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The E-melting profiles for each of the five dsDNA strands are shown in Figure 3. A 
Boltzmann function was fitted to each profile and a plot of the first derivative used to 
define the melting potential. The sequential shift in the melting potential from dsDNA 
1 through 5 is immediately apparent, and is characteristic of the increasing duplex 
stability. 
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Figure 3.3. Discrimination of structural stability utilising E-melting. (A) The variation of the peak 
intensity at 1500 cm
-1 as a function of applied potential for all five oligonuclotides. In each case the 
potential was swept at 1 mV s
-1 from an initial potential of -0.3 V in pH 8.1 10 mM phosphate buffer 
containing  0.1  M  NaCl.  Spectra  were  acquired  every  25  mV  in  static  mode  with  a  single  10  s 
acquisition. (B) First derivative plots indicative of melting potential based upon fitting a Boltzmann 
curve to the data set for each oligonucleotide.   59 
 
The melting potentials for each of the five dsDNA strands are plotted against the 
corresponding calculated melting temperatures from the nearest neighbour model in 
Figure 3.4. The relationship clearly indicates a strong correlation between the melting 
temperature, Tm and the melting potential, Em. When the stability of DNA duplex is 
increased by 1 °C (as measured by the experimental melting temperature), there is 
roughly a 9 mV shift in the melting potential. 
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Figure 3.4. Relationship between melting potential and dsDNA stability. (A) The relationship between 
melting  potential  nearest  neighbour  model  calculated  melting  temperature.  (B)  The  relationship 
between melting potential and experimental melting temperature.  A line of best fit has been fitted to 
the data in each case.   60 
 
The lines of best fit shown for the data in Figure 3.4 were determined by a linear 
regression analysis. The relationship between the experimental melting temperature, 
Tm  and  the  melting  potential  Em  is  described  mathematically  by  the  following 
equation,  which  in  the future,  can  be  exploited  to  design  nucleic  acid  probes  for 
electrochemical melting assays that have known melting potentials: 
 
( ) ( ) 525 C / 1 . 9 mV /
o
m m − − = T E   3.8. 
 
Whilst it is difficult to draw any conclusions as to the mechanism of electrochemical 
melting  based  solely  on  these  experiments,  the  results  are  nevertheless  important 
because  they  demonstrate  that  the  electrochemical  melting  potential  is  directly 
probing  the  structural  composition  of  the  DNA  duplex.  This  result  highlights  the 
versatility  of  electrochemical  melting  as  a  tool  for  the  study  of  dsDNA  stability. 
However,  caution  should  be  advised  when  using  Equation  3.8  to  predict  melting 
potentials based on dsDNA structure because in this study the strand length was kept 
constant at fourteen base-pairs. In later experiments, it was found that strand length 
also has an effect on the observed melting potential. This topic is discussed further in 
Chapter 4.    61 
3.4. The Effect of Experimental Temperature on the Electrochemical 
Melting Potential 
 
The experiments in this section were performed in collaboration with Pietro Marafini. 
 
All  of  the  electrochemical  melting  experiments  described  in  Section  3.3  were 
performed at a room temperature of between 22 °C and 23 °C. Having discovered the 
melting potential changes by 9 mV when the melting temperature is changed by 1 °C, 
a  series  of  experiments  were  designed  to  determine  if  the  same  relationship  was 
observed during electrochemical melting at differing experimental temperatures. In 
order to minimise the effect of thermal denaturation the experimental temperature was 
kept well below the melting temperature. A refrigerated water bath (Grant) was used 
to control the temperature to an accuracy of ± 1 °C. 
 
3.4.1. Electrochemical Cell Calibration 
 
Introducing  changes  to  the  temperature  at  which  an  electrochemical  melting 
experiment is performed  requires  that the temperature-dependent behaviour of the 
pseudo silver/silver chloride reference electrode used for the measurements is taken 
into account.  
 
Whilst  mathematical  corrections  are  given  in  the  literature  for  the  temperature-
dependent behaviour of saturated Ag/AgCl
12 and saturated calomel (SCE) reference 
electrodes
13,  14,  there  is  no  available  data  for  the  very  specific  environmental 
conditions that were used in the experiments described here, where the solid-phase 
silver  chloride  electrode  is  in  contact  with  a  buffer  solution  containing  10  mM 
phosphate buffer (pH 8.1) and 0.1 M NaCl.  
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A  calibration  experiment  was  performed  in  which  the  potential  of  the  Ag/AgCl 
reference electrode was measured with respect to an SCE electrode as a function of 
temperature (Figure 3.5). Prior to measurement, the temperature of the SCE electrode 
was permitted to equilibrate with the system such that the temperatures of Ag/AgCl 
and SCE reference electrodes were the same.  The measured potential vs. SCE was 
then  converted  to  a  temperature  independent  value  against  the  standard  hydrogen 
electrode  using  the  following  mathematical  correction,  reported  by  Bard  and 
Faulkner
13: 
 
(ESHE /mV) = 241.2 – 0.661(T /°C) – 1.75×10
-3(T /°C)
2 – 9.0×10
-7(T /°C)
3  3.8 
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Figure 3.5. The change in the reference potential of a pseudo Ag/AgCl reference electrode (0.1 M 
NaCl; 0.01 M phosphate (pH 8.1) vs. SCE as a function of temperature.  
 
3.4.2. Effect of Experimental Temperature on Melting Potential 
 
Electrochemical melting experiments were performed at 10, 15, 20, 25 and 30 °C. In 
each case all of the other experimental parameters (sweep rate, Raman acquisition 
times) were kept the same. The cell was permitted to equilibrate for 30 minutes at the 
set temperature prior to the beginning of the potential sweep. The sequence of the 
probe DNA used in this experiment was AGGAAACACCAAAGATGATATT with a 
thiol anchor modification at the 5’ as described in Chapter 2. The target sequence was 
perfectly complementary, and included a 3’ Texas Red modification. Attenuation of   63 
the  Texas  Red  bands  at  1500  cm
-1  and  1650  cm
-1  were  used  to  monitor 
electrochemically driven denaturation. 
 
Very little change in the melting potential was observed between 15 and 30 °C, whilst 
a large change in melting potential when the electrochemical melting was performed 
at 10 °C (Figure 3.6). In addition to the drop in the measured melting potential, the 
melting profile at 10 °C is also significantly sharper than those recorded at the other 
experimental temperatures, which are all very similar in profile. 
  
In thermal melting experiments carried out in solution, an increase in sharpness of the 
melting profile generally indicates an increase in melting homogeneity; that is, the 
strand disassociates in a single step rather than as a series of steps. When DNA melts, 
it usually melts from the ends and in longer strands from ‘weak’ points along the 
duplex  where  base-pairs  disassociate  easily.  If,  for  example,  the  ends  of  a  DNA 
duplex  are  modified  with  end-capping  monomers
15,  the  DNA  melts  more 
cooperatively  leading  to  a  sharper  melting  profile.  The  sharper  electrochemical 
melting profile observed at 10 °C suggests that lowering the experimental temperature 
can  cause  the  same  effect,  increasing  duplex  stability  by  inhibiting  the  thermal 
motions that lead to fraying at the ends of dsDNA structure.   64 
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Figure 3.6. (A) Melting profiles and (B) first derivative plots illustrating the effect of experimental 
temperature on the melting potential.  In each case the potential was swept at 1 mV s
-1 from an initial 
potential of -0.3 V in pH 8.1 10 mM phosphate buffer containing 0.1 M NaCl. Spectra were acquired 
every 25 mV in static mode with a single 10 s acquisition. 
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The overall change in the melting potential as a function of experimental temperature 
is shown in Figure 3.7, and follows an exponential curve. The following expression 
can be used to predict electrochemical melting potential as a function of experimental 
temperature: 
( ) ( )
707
97 . 2
C /
exp 1204 mV / NHE .
o
m −  


 

 −
− =
T
vs E   3.9. 
 
This formula can be used in conjunction with that which was presented in Section 3.3 
to  predict  the  melting  potential  of  a  short  dsDNA  duplex  as  a  function  of  both 
experimental temperature and structure. Whilst the lack of change in melting potential 
over the range 15 to 30 °C was surprising, it is also advantageous from the view-point 
of utilising electrochemical melting in a point-of-care device. Since there is very little 
variation in melting potential with temperature, it would be unnecessary to carry out 
experiments  in  a  rigorously  temperature  controlled  environment.  Experiments 
performed over ambient temperatures (20 – 30 °C) would give near-identical values 
for the melting potential.  
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Figure 3.7. Effect of experimental temperature on the melting potential. The data has been fitted to an 
exponential function. For each experiment the potential was swept at 1 mV s
-1 from an initial potential 
of -0.3 V in pH 8.1 10 mM phosphate buffer containing 0.1 M NaCl. Spectra were acquired every 25 
mV in static mode with a single 10 s acquisition.  
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3.5. Electrochemical Melting of Peptide Nucleic Acid 
 
3.5.1. Overview 
 
Peptide nucleic acid (PNA) is an artificial DNA ‘mimic’ first synthesised by Peter 
Nielsen and co-workers at the University of Copenhagen in 1991
16. Instead of a sugar-
phosphate backbone, nucleobases are linked by peptide bonds (Figure 3.8). PNA/PNA 
and  PNA/DNA  duplexes  are  significantly  more  stable  than  DNA/DNA  duplexes 
because  of  the  reduction  in  electrostatic  repulsion  between  the  complementary 
nucleotides
3,  17. For this reason, PNA has found a number of niche applications in 
molecular  biology  where there is  a need to design  probes that bind strongly  to a 
complementary DNA target whilst keeping the probe as short as possible
18, 19. PNA 
has  also  attracted  interest  for  in  vivo  applications  because  it  is  not  attacked  by 
enzymes such as proteases in the body
20-22.  
 
 
Figure 3.8. The backbone structure of (A) PNA and (B) DNA. The lack of charge on the backbone of 
PNA reduces electrostatic repulsion in the duplex structure. 
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The reasons for studying the use of PNA in an electrochemical melting experiment are 
three-fold. Firstly, PNA/DNA chimera are significantly more stable than DNA/DNA 
duplexes of the same sequence, and therefore defects in structure such as base-pair 
mismatches  are  more  easily  detected  relative  to  the  perfectly  complementary
3,  17. 
Secondly, an immobilised PNA probe strand is likely to be significantly more stable 
than a DNA probe strand under an applied potential because there will be no repulsion 
between the neutral backbone of the PNA and the electrode surface. Rant et al. have 
demonstrated  previously  that  repulsion  between  the  sugar-phosphate  backbone  of 
thiol-anchored ssDNA and the electrode surface makes a significant contribution to 
reductive desorption of the DNA
23.  
 
Lastly, utilisation of PNA targets permits a possible mechanism for electrochemical 
melting to be tested. If the melting process is purely electrostatic repulsion between 
the  target  strand  and  the  negatively-charged  electrode  surface,  then  PNA  targets, 
which  hold  no  formal  charge,  should  remain  stable  under  an  applied  electrode 
potential. 
 
3.5.2. Oligonucleotide Design and Probe Immobilisation 
 
In total, four oligonucleotides were synthesised, such that it was possible to produce 
all four possible combinations of probe and target strands at the electrode surface 
(Figure 3.9.).  
 
 
Figure 3.9. Sequences of the four oligonucleotides synthesised, in each case the target strand was 
modified with a 3’ Cy3 group (proximal to the surface) (not shown). (S) Indicates the immobilised 
surface strand, and (T) the target strand.   68 
 
During design, particular consideration was given to the GC content, because high GC 
content  significantly  decreases  the  solubility  of  PNA  strands  in  aqueous  media. 
However,  it  was  still  necessary  to  add  dimethyl  sufoxide  (DMSO)  to  the  PNA-
containing immobilisation and hybridisation buffers due to the decrease in solubility 
caused  by  the  addition  of  the  thiol-anchor  and  label  modifications  to  the  PNA. 
Typically, immobilisation and hybridisation buffers for PNA contained 10% DMSO 
by volume. Whilst DNA containing buffers consisting of just salt and water were 
found to be stable and reusable for months, buffers that had added DMSO became 
unstable  within  one  week  as  the  co-solvent  became  immiscible  over  an  extended 
period of time.  
 
The probes were designed to bind to the gold substrates through three dithiol groups 
attached  to  the  probe  oligonucleotide  on  the  5’  end.  The  target  strands  were  all 
labelled with Cy3 at the 3’ end, such that the label was proximal to the surface. This 
maximises the SERS signal because the intensity of the signal attenuates as a function 
of distance from the surface
24, 25. Structures of the oligonucleotide modifications are 
shown in Chapter 2. 
 
3.5.3. Surface Coverage Determination 
 
The surface density of single-stranded DNA and single-stranded PNA probes on a 
gold  electrode  were  determined  using  the  method  published  by  Steel  and  co-
workers
26. Reductive pulses were applied to a gold disk electrode (r = 0.5 mm) with 
surface-immobilised DNA or PNA, in the presence and absence of the redox probe 
ruthenium (III) hexamine. Ruthenium (III) hexamine displaces NaCl bound to DNA, 
and, under conditions of saturation, can be used to deduce the probe surface density 
(Figure 3.10). Full experimental details and calculations are described in Chapter 2. 
 
Approximately  150   M  of  ruthenium  hexamine  was  required  to  saturate  the  16 
phosphate groups (13 on the DNA backbone, 3 on the thiol anchor) present on the 
surface immobilised DNA. A significantly lower concentration ruthenium hexamine 
(25  M) was required to saturate the PNA probes. This was anticipated because in   69 
contrast to DNA, the immobilised PNA probe molecules have only three phosphate 
groups, which are present on the thiol anchor. 
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Figure 3.10. Absorption isotherms illustrating the concentration of ruthenium hexamine required for 
complete saturation of the phosphate groups present on surface-immobilised (A) PNA and (B) DNA. 
Note that whilst PNA itself does not contain any phosphate, the thiol anchor utilised to attach PNA to 
the gold surface contains three phosphate groups which bind ruthenium (III) hexamine. Concentrations 
were calculated from coulometric curves that were recorded by stepping the potential of a gold disc 
electrode (r = 0.5 mm) from 0.1 to -0.4 V vs. SCE. The electrolyte used was a 10 mM Tris buffer (pH 
7.2) containing 10 mM NaCl. 
 
The  coulometric  curves  obtained  under  conditions  of  saturation  were  utilised  to 
determine the surface density (Figure 3.11). The surface coverage  of immobilised 
ssDNA was found to be 1.8×10
12 molecules cm
-2, which is consistent with previous 
results obtained using the same immobilisation protocols and probes with the same 
thiol anchor group. The surface coverage of immobilised ssPNA was found to be 
4.4×10
12 molecules cm
-2, approximately double that for ssDNA. It is probable that the 
lack of charge on the backbone of PNA means that adsorbing strands do not repel one 
another as they adsorb on the surface, resulting in a higher surface density. 
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Figure  3.11.  Determination  of  the  surface  density  of  (A)  DNA  and  (B)  PNA  probes  by  utilising 
ruthenium (III) hexamine bound to phosphate groups. Note that whilst PNA itself does not contain any 
phosphate, the thiol anchor utilised to attach PNA to the gold surface contains three phosphate groups 
which bind ruthenium (III) hexamine. Coulometric curves were recorded by stepping the potential of a 
gold disc electrode (r = 0.5 mm) from 0.1 to -0.4 V vs. SCE. The electrolyte used was a 10 mM Tris 
buffer (pH 7.2) containing 10 mM NaCl. 
 
3.5.4. Thermal Melting of PNA in Solution 
 
Prior to performing electrochemical melting studies, the melting temperatures of three 
of  the  four  probe/target  combinations  were  measured  in  solution  with  UV-VIS 
spectrometry (Figure 3.12.). The absorbance at 260 nm of a solution containing 1  M   71 
of  dsDNA  in  a  10mM  phosphate  buffer  (pH  8.1)  containing  0.1  M  NaCl  was 
monitored as a function of temperature. The absorbance in this region increases as the 
duplexes denature because in single-stranded form nucleic acid bases adsorb more 
light.  The  PNA/PNA  duplex  was  too  stable  to  measure  using  the  available 
instrumentation, having a melting temperature greater than 80 °C. 
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Figure 3.12. (A) The change in absorbance at 260 nm and (B) first derivative plots indicative of the 
thermal stability of DNA and PNA containing duplexes. The temperature of 10mM phosphate buffer 
(pH 8.1, 100 mM NaCl) containing 1  M of dsDNA or PNA/DNA hybrids was ramped at 1 °C min
-1 
after an initial annealing step. 
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As expected, the PNA containing duplexes are significantly more (approximately 30 
°C) stable than the duplex containing only DNA. However, it was also found that the 
stability of PNA containing duplexes differ depending on whether the labelled-target 
strands were constructed from PNA or from DNA.  
 
When the target strand is constructed from PNA, the duplex is approximately 4 °C 
more stable. One possible explanation for the observed higher melting temperature is 
a stabilising effect from the Cy3 label when attached to PNA. The lack of charge on 
the PNA backbone may make it easier for the label to interact with the minor groove 
of the duplex and cause an increase in stability.  
 
Comparison of the SERS spectra of immobilised PNA containing duplexes appears to 
support this explanation because there are differences in the spectra that are dependent 
on whether the label is attached to PNA or DNA (Figure 3.13.). The bands that appear 
at 1197 cm
-1 and 1468 cm
-1 when the label attached to DNA are red-shifted to 1219 
cm
-1 and 1487 cm
-1 respectively when the label is attached to PNA. These bands are 
typically assigned to an aromatic CH in-plane bend and a CH asymmetric deformation 
respectively
27-29. 
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Figure 3.13. Spectra of the four possible probe-target combinations of DNA and PNA at an SSV 
surface. The bands marked (*) when the label is attached to PNA appear at lower wavenumbers when 
the label is attached to DNA. Spectra were acquired in static mode with a single 30 s acquisition.    73 
3.5.5. Electrochemical Melting of PNA Containing Duplexes 
 
Electrochemical melting (E-melting) experiments were performed using each of the 
four possible oligonucleotides combinations. In each experiment, after hybridisation 
with the target, the potential was ramped at 0.5 mV s
-1 from a starting potential of  
–0.3 V to a final potential of –1.6 V vs. Ag/AgCl and SER spectra were recorded at 25 
mV intervals.  
 
Unlike the Texas Red labelled oligonucleotides presented in previous sections, no 
initial  rise  in  intensity  was  observed  upon  driving  the  potential  cathodic  for  Cy3 
labelled oligonucleotides. Instead, a decrease in signal is observed before a plateau is 
reached, which suggests that label re-orientates in a position away from the surface as 
the potential is driven cathodic. 
 
Prior to measurement, it was expected to be impossible to denature those duplexes 
which  contained  a  non-anchored  PNA  strand  because  an  electrostatic  repulsion 
between the electrode surface and the sugar-phosphate backbone of the target was 
postulated as the  mechanism of electrochemically induced denaturation However, 
electrochemical  denaturation  of  an  all-PNA  duplex  proved  easily  possible  at 
moderately cathodic potentials (Figure 3.14). Denaturation of the PNA/PNA duplex 
was monitored through attenuation of the band at 1593 cm
-1, attributed to the C=N 
chromophore stretch.   74 
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Figure  3.14.  Data  from  the  PNA/PNA  duplex,  which  is  representative  of  a  typical  E-melting 
experiment in which Cy3 is utilised as the reporter label. The potential was swept at 0.5 mV s
-1 from an 
initial  potential  of  -0.3  V  in  pH  8.1  10  mM  phosphate  buffer  containing  0.1  M  NaCl.  (A) 
Representative spectra indicative of the change in peak height with applied potential. (B) The variation 
of the peak intensity at 1593 cm
-1 as a function of applied potential. Spectra were acquired in static 
mode with a single 30 s acquisition. 
 
Further  electrochemical  melting  experiments  were  performed  with  the  other  three 
possible  combinations  of  probe  and  target.  It  was  possible  to  denature  a  surface 
immobilised duplex regardless of whether the target oligonucleotide was constructed   75 
from  DNA  or  from  PNA.  Electrochemical  melting  curves  were  produced  by 
monitoring attenuation of the C=N chromophore stretch at 1593 cm
-1, and values for 
the melting potential generated from the first derivative of the melting curve (Figure 
3.15.).  
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Figure 3.15. (A) The variation of the peak intensity at 1593 cm
-1 as a function of applied potential for 
all four combinations of DNA and PNA. In each case the potential was swept at 0.5 mV s
-1 from an 
initial potential of -0.3 V in pH 8.1 10 mM phosphate buffer containing 0.1 M NaCl. Spectra were 
acquired every 25 mV in static mode with a single 30 s acquisition. (B) First derivative plots indicative 
of melting potential based upon fitting a Boltzmann curve to the data set for each oligonucleotide. The 
electrochemical melting data is summarised in Table 3.4.   76 
 
 
3.5.6. Discussion 
 
The values of the melting potentials for the four possible combinations of probe and 
target  showed  only  small  variations  when  PNA  was  present  in  the  surface 
immobilized duplex or not (Table 3.4.).  This is in stark contrast to values for the 
melting temperature, where substitution of one or both strands in the oligonucleotide 
results  in  a  significant  (~  30  °C)  increase  in  thermal  stability.  Based  on  the  data 
presented in Section 3.3, over a 270 mV cathodic shift in melting potential would 
have  been  expected  when  one  of  the  strands  in  the  immobilised  duplex  was 
substituted  with  PNA.    The  fact  that  duplexes  consisting  of  PNA  target  can  be 
electrochemically denatured  rules out electrostatic repulsion between the electrode 
and the DNA backbone as possible mechanism for electrochemical melting.  
 
Table 3.4. Predicted and Experimental values for the melting temperature (Tm) and melting potential 
(Em) of the four possible probe-target duplexes. Both thermal and electrochemical melting experiments 
were carried out in a 10mM phosphate buffer (pH 8.1) containing 0.1 M NaCl. 
 
Probe 
Strand 
Target 
Strand 
Predicted 
Tm
* / °C 
Experimental 
Tm /°C 
Predicted 
Em
† /mV 
Experimental 
Em /mV 
DNA  DNA  44.2  47  -957  -984 
DNA  PNA  53.5  67  /  -1029 
PNA  DNA  53.5  63  -1134  -941 
PNA  PNA  /  > 80  /  -959 
 
                                                
*  Melting  temperatures  for  all-DNA  duplexes  were  calculated  using  nearest  neighbor  models  as 
described in Section 3.2. Melting temperatures for PNA containing duplexes were calculated from the 
corresponding  nearest-neighbor  all-DNA  duplex  melting  temperature  using  a  published  formula 
described by Norden and coworkers
15. 
†  Predicted  melting  potentials  were  calculated  using  values  obtained  for  the  experimental  melting 
temperature, utilising Equation 3.7.   77 
Melting potentials obtained from the experiments with PNA containing duplexes were 
compared to the results presented in Section 3.33 that correlated melting temperature 
and melting potential (Figure 3.4.). The melting potential of the all-DNA duplex was 
in good agreement with the predicted value, varying by only 27 mV. The melting 
potentials of the PNA containing duplexes were all significantly lower than expected, 
and varied depending on if the probe, target or both probe and target were constructed 
of PNA. 
 
Substituting  the  thiol-modified  DNA  probe  strand  for  PNA  resulted  in 
electrochemical  denaturation  becoming  more  difficult,  and  the  melting  potentials 
became more cathodic. Substituting the DNA labelled target strand for PNA resulted 
in  electrochemical denaturation becoming less difficult, and the melting potentials 
became less cathodic.  
 
The  observed  decrease in  melting  potential  (-45  mV)  upon  substituting  the  target 
strand for PNA is consistent with the 4 °C difference in melting temperature observed 
when the labelled target strand is constructed of PNA and the thiolated probe strand 
from DNA instead of the reverse. This suggests that whilst the stabilising influence of 
the neutral backbone is largely ignored, the base-pair composition and the presence of 
terminal label groups does affect electrochemical melting,  
 
The change in melting potential observed upon substituting the probe strand for PNA 
is  more  difficult  to  explain.  Unlike  for  DNA,  very  little  is  known  about  the 
conformation and interaction of PNA molecules bound at an electrode surface, with 
few reported studies
30, 31. One possibility is that the observed higher surface densities 
of immobilised PNA probes results in a decrease in duplex stability, particularly when 
the target strands are constructed from DNA and will readily repel one another at the 
electrode surface.  
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Figure 3.16. The relationship between melting potential and experimental melting temperature (from 
Figure  3.4),  overlain  with  new  data  points  that  indicate  the  melting  potentials  of  PNA-containing 
duplexes. 
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3.6. Summary 
 
This  chapter  has  introduced  the  concept  of  electrochemical  melting.  The 
electrochemical melting potential of a surface immobilised DNA duplex is directly 
related to its thermodynamic stability. Existing nearest neighbour models can be used 
to  predict  the  stability  of  surface  immobilised  dsDNA,  where  a  1  °C  increase  in 
thermal stability equates to a -9 mV change in the electrochemical melting potential. 
This  relationship  can  be  exploited  to  design  electrochemical  melting  assays  with 
known melting potentials. 
 
The effect of experimental temperature on electrochemical melting potential has been 
explored. Reducing the temperature at which the experiment is performed causes very 
little change in the electrochemical melting potential. Whilst unexpected, this result is 
advantageous  when  considering  integration  of  the  technology  into  a  point-of-care 
device because there is little variation in results across the ambient temperature range.  
 
Studies  on  the  electrochemically  driven  denaturation  of  PNA  containing  duplexes 
indicate that the mechanism for electrochemical melting is not a simple electrostatic 
repulsion  between  the  electrode  surface  and  negatively  charged  sugar-phosphate 
backbone.  Surface  immobilised  duplexes  can  be  denatured  even  when  the  target 
strand  is  constructed  from  PNA,  which  has  a  neutral  peptide  backbone.  Possible 
mechanisms for the electrochemical melting are discussed in further detail in Chapter 
6. 
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4. The Effect of the Aqueous Environment on 
Electrochemical Melting 
 
4.1. Overview 
 
Chapter  three  described  how  the  stability  of  a  DNA  duplex  is  determined  by  its 
structure,  and  the  effect  that  changes  in  DNA  structure  have  on  electrochemical 
melting. The aqueous environment surrounding a DNA duplex also has a profound 
effect on the stability of a duplex. This aqueous environment consists of the water 
molecules and dissolved ions that surround the duplex. This environment is typically 
described in terms of the ionic strength and pH of the solution. In this Chapter, the 
effects of solution pH and ionic strength on electrochemical melting are described and 
compared  to  the  effects  of  ionic  strength  and  solution  pH  on  thermal  melting 
experiments in bulk solution.  
 
4.2. The Effect of pH on Electrochemical Melting 
 
It is well known that dsDNA denatures in strongly acidic and basic solutions, and so, 
the possibility that electrochemically induced changes in surface pH conditions were 
responsible for the electrochemical denaturation process was investigated.  
 
Typically, a pH shift to below 3 or to above 10 would be required to bring about 
denaturation of the DNA
1. At high pH values, denaturation occurs because the bases 
of DNA become de-protonated and hydrogen bonding is disrupted. At low pH values, 
denaturation occurs because protonation of the base pairs disrupts hydrogen bonding, 
and additionally results in hydrolysis of the glycosidic bonds between purine bases in 
the sugar-phosphate backbone. 
 
Several groups have demonstrated that para-mercaptobenzoic acid, a molecule that 
has a pH dependent SERS spectrum, can be used to spectroscopically monitor local 
pH changes at the surface of either silver
2, 3 or gold SERS substrates
4, 5. In addition, 
mercaptobenzoic acid coated nanoparticles have been used extensively to map the pH   83 
distribution  within  live  cells
3,  6-8,  and  most  recently  in  the  monitoring  of 
photodynamic treatment of cancer cells
9.   
 
In  this  section,  a  para-mercaptobenzoic  acid  coated  SERS  substrate  was  used  to 
monitor  pH  conditions  in  situ  during  an  electrochemical  melting  experiment.  The 
results  demonstrate  that  a  local  pH  change  cannot  be  responsible  for  the  voltage 
driven duplex denaturation observed in electrochemical melting, because no change in 
local pH was observed.  
 
In addition to the increased insight gained into the electrochemical melting process, 
these  results  are  of  interest  because  pH  plays  an  important  role  in  many 
electrochemical  reactions,  and  local  pH  conditions  at  the  vicinity  of  an  electrode 
surface are generally difficult to measure reliably. 
 
4.2.1 Choice and Calibration of Probe Molecule 
 
The SERS optical pH sensor is based on changes in the molecular structure of pMBA 
as a function of pH, as first reported by Halas and coworkers
4. At low pH (acidic) 
values, the carboxylate group of the molecule is mostly protonated, and at high pH 
(basic) values the carboxylate group of the molecule is mostly de-protonated (Figure 
4.1).  These  changes  in  molecular  structure  are  reflected  in  the  SERS  spectra, 
specifically the bands at 1702 cm
-1 (COO
-) and 1393 cm
-1 (C=O) (Figure 1). Thus, a 
value for pH can be obtained from the ratio of intensities of these two peaks; (C=O) / 
(COO
-).  
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Figure 4.1. Basic principles of a pMBA SERS pH sensor.  A change in the molecular structure of 
pMBA with pH; results in a spectral change in the C=O/COO
- peak ratio. SERS spectra were recorded 
in static mode with a single 10 s acquisition at a pMBA coated sphere segment void (SSV) substrate 
immersed in 10 mM phosphate buffer (0.1 M NaCl) corrected to within 0.01 units of the desired pH. 
The bands at 1702 cm
-1, 1584 cm
-1 and 1393 cm
-1 are assigned to the COO
-, C=C aromatic ring  and 
C=O stretches respectively. 
 
The SERS pH probe was calibrated over the pH range 6 – 8, the region in which 
electrochemical melting experiments are frequently carried out. The C=O/COO
- peak 
ratio changes linearly with pH, falling by circa 0.2 per increase in pH unit (Figure 
4.2). The pH probe was calibrated using a dataset of 16 measurements. Although it 
was anticipated that the accuracy of the pH probe could be increased with a larger 
data set, 16 spectra were used as this is the approximate number of measurements that 
are obtained during an electrochemical melting experiment, and the interquartile range 
and mean values therefore provide a realistic representation of the range of peak ratios 
that can be expected during electrochemical melting. 
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Figure  4.2.  Calibration  of  the  pMBA  SERS  pH  sensor.  Statistical  box  plot  (percentages  indicate 
quartile ranges) indicating the spectral change in the C=O/COO
- peak ratio with pH. SERS spectra 
were recorded in static mode with a single 10 s acquisition at a pMBA coated sphere segment void 
(SSV) substrate immersed in 10mM phosphate buffer (0.1 M NaCl) corrected to within 0.01 units of 
the desired pH. 
 
4.2.2 Use of the pH Probe in Combination with Immobilised dsDNA 
 
To use pMBA as a pH Probe in situ during an electrochemical melting experiment, it 
was  necessary  to  sequentially  co-adsorb  a  number  of  other  molecules  onto  the 
substrate surface. However, co-adsorption of multiple species at the surface of the 
SERS  substrate  results  in  a  significant  increase  in  the  complexity  of  the  spectral 
information obtained.  
 
Mercapothexanol (MCH) and para-mercaptobenozic acid (pMBA) were added to the 
substrate  surface  in  an  approximately  50/50  ratio  by  soaking  the  ssDNA 
functionalized substrate in a 50/50 mix of pMBA and MCH dissolved in DMSO. 
Whilst the purpose of the pMBA is to act as the pH sensor, the MCH is used to re-
orientate  the  immobilized  DNA  to  an  upright  conformation
10,  11.  The  resulting 
reorientation  ‘deactivates’  any  SERS  signal  from  the  DNA  bases  which  might 
interfere  with  the  signal  from  pMBA,  as  they  now  lie  such  that  the  bases  are 
perpendicular to the substrate surface. Mercaptohexanol itself is largely Raman silent, 
although there is some overlap with the 1393 cm
-1 of pMBA which results in changes   86 
to the C=O/COO
- peak ratio. Additionally, the reorientation permits easy access to the 
bases for hybridization to a chosen labelled target nucleotide, which is introduced 
from solution
12-14.  
 
Unfortunately, most commonly used Raman and fluorescent labels (e.g. cyanine dyes) 
have peaks that overlap with the 1393 cm
-1 C=O band. For this reason, a nucleotide 
modified with Texas Red was chosen as the target strand, because Texas Red has only 
minimal contribution in this region.  However, because Texas Red is pre-resonant 
with the available laser wavelength (633 nm), the  response from this molecule is 
subject to an additional 10
2 enhancement above that which is seen for non-resonant 
SERS
15. Thus, it was found initially that the signal from the Texas Red molecules 
overpowered  the  signal  from  the  pMBA  molecules.  This  issue  was  effectively 
circumnavigated by leaving approximately half of the dsDNA nucleotides unlabelled, 
thus reducing the overall SERS fingerprint of the Texas red relative to the pMBA 
(Figure 4.3c).  
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Figure  4.3.  Spectra  of  pMBA/dsDNA  sensor.  The  coverage  of  the  dsDNA  comprises  1%  of  the 
surface, and is hybridised to (a) 100% unlabelled target, (b) 100% labelled target, (c) 50% unlabelled 
and 50% labelled target. A dense under-layer covers the remaining 99% of the surface, and comprises 
of approximately 50% MCH and 50% pMBA.  SERS spectra were recorded in static mode with a 
single 10 s acquisition at a sphere segment void (SSV) substrate immersed in 10mM phosphate buffer 
(0.1 M NaCl, pH 8.0). The bands at 1500 cm
-1 and 1647 cm
-1 are the ring stretch and NH deformation 
modes of Texas Red respectively. Band assignments for pMBA are shown in Figure 4.1.    87 
 
As  discussed  in  the  preceding  paragraphs,  the addition  of  mercapothexanol,  para-
mercaptobenozic  acid  and  labeled  dsDNA  results  in  changes  in  the  spectral 
information acquired. To gauge the effect of co-absorption of these molecules on the 
C=O/COO
- peak ratio a second series of calibration experiments (Figure 4.4) were 
performed. This set of calibration data was then used to monitor the local pH during 
the subsequent electrochemical melting experiments. 
 
In  the  co-immobilized  system,  both  the  C=O  and  the  COO
-  bands  become  more 
intense (relative to the pMBA aromatic ring stretch at 1581 cm
-1), and in particular the 
COO
-  becomes  significantly  stronger.  The  result  is  a  downward  shift  of  the 
C=O/COO
- peak ratio as a function of pH. The intensity increase in the COO
- can be 
partially explained by some overlap with spectral features from both mercapothexanol 
and Texas Red.   However, this does not explain the intensity increase in the C=O 
band (relative to the 1581 cm
-1 pMBA peak). One possible explanation for  these 
notable spectral changes can in part also be attributed to mercapothexanol having a 
similar reorientation effect on the pMBA to that which has been previously reported 
for DNA
10, 11, 16. This would account for the increase in the intensity of all pMBA 
bands. 
 
Despite the addition of numerous other molecules at the substrate surface, the data in 
Figure 4.4 clearly shows that the pMBA C=O/COO
- peak ratio still varies linearly as a 
function of pH, and thus its effectiveness as an optical pH probe is not compromised 
by the co-immobilization of the DNA and mercapothexanol at the substrate surface. 
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Figure 4.4. Calibration of the pMBA/dsDNA SERS pH sensor. The coverage of the dsDNA comprises 
1% of the surface (of which 50% is unlabelled and 50% labelled), with a dense under-layer backfilling 
the remaining 99%  of the surface, and comprising  of approximately  50%  MCH and  50%  pMBA. 
Statistical  box  plot  (percentages  indicate  quartile  ranges)  indicating  the  spectral  change  in  the 
C=O/COO-  peak  ratio  with  pH.  SERS  spectra  were  recorded  in  static  mode  with  a  single  10  s 
acquisition at sphere segment void (SSV) substrate immersed in 10mM phosphate buffer (0.1 M NaCl) 
corrected to within 0.01 units of the desired pH. 
 
4.2.3. Use of the pH probe in an Electrochemical Melting Experiment 
 
To determine if a change in local pH is responsible for the denaturation of dsDNA 
into its constituent oligonucleotides during electrochemical melting three experiments 
were performed at pHs 6, 7 and 8. SERS was used to monitor denaturation (through 
the  Texas  Red  peak  intensity  at  1500  cm
-1  and  1650  cm
-1)  whilst  simultaneously 
monitoring the pH (through the  1393 cm
-1 / 1702 cm
-1 peak ratio) . The results of 
these experiments are plotted in Figure 4.5.  For clarity, the pMBA C=O/COO
- peak 
ratio in each case is plotted on the same scale, and is overlaid with the interquartile 
range expected for the pH of the buffer used in the melting experiment.  
 
Within experimental error, changes in surface pH were found to be insignificant as the 
potential is driven cathodic. Since a shift in pH to greater than 10 or less than 4 would 
be required to cause denaturation
1, changes in local pH cannot be responsible for 
electrochemical melting. 
   89 
-800 -900 -1000 -1100 -1200
 
E vs. Ag/AgCl / V
R
a
m
a
n
 
C
o
u
n
t
s
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
pH 6.0
I
(
C
=
O
)
/
I
(
C
O
O
-
)
Q2
Q3
Q1
 
-800 -900 -1000 -1100 -1200
E vs. Ag/AgCl / V
R
a
m
a
n
 
C
o
u
n
t
s
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
I
(
C
=
O
)
/
I
(
C
O
O
-
)
pH 7.0 Q2
Q3
Q1
 
-800 -900 -1000 -1100 -1200
 
E vs. Ag/AgCl / V
R
a
m
a
n
 
C
o
u
n
t
s
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
I
(
C
=
O
)
/
I
(
C
O
O
-
)
Q2
Q3
Q1
pH 8.0
   90 
 
1400 1500 1600 1700
 
R
a
m
a
n
 
C
o
u
n
t
s
TXR
C=O
-1100 mV
-1000 mV
-900 mV
 
 
Raman Shift / cm
-1
-800 mV
COO- TXR
(D)
 
1300 1400 1700 1800
COO
-
 
R
a
m
a
n
 
C
o
u
n
t
s
C=O
-1100 mV
-1000 mV
-900 mV
 
Raman Shift / cm
-1
-800 mV
(E)
 
Figure 4.5. Electrochemical melting curves (black line) and C=O/COO
- peak ratios (black squares) as a 
function of applied potential at (a) pH 6, (b) pH 7 (c) pH 8, and (d, e) sample spectra as a function of 
potential at pH 6. The interquartile range of expected peak ratios for the pH of the buffer is overlaid as 
a guide to eye. SERS spectra were recorded in static mode with a single 10 s acquisition at a  nano-void 
substrate immersed in 10mM phosphate buffer (0.1 M NaCl) corrected to within 0.01 units of the 
desired pH. 
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4.2.3. Effect of pH on the electrochemical melting potential 
 
In addition to the data gathered for the local pH as a function of applied potential, 
these experiments permitted an opportunity to study the effect of pH on the melting 
potential itself. It was found that the melting potential is independent of pH over the 
range 6 -8 (Figure 4.6). This is in broad agreement with prior solution based thermal 
melting studies
1.  
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Figure 4.6. Electrochemical Melting curves and first derivative plots (inset) for melting experiments 
carried out at pH 6, 7 and 8. SERS spectra were recorded in static mode with a single 10 s acquisition 
at a  nano-void substrate immersed in 10 mM phosphate buffer (0.1 M NaCl) corrected to within 0.01 
units of the desired pH. 
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4.3. Effect of Ionic Strength on the Electrochemical Melting Potential 
 
The ionic strength of a solution plays a pivotal role on the stability of dsDNA. In 
solution, the thermal melting temperature of a duplex increases rapidly as a function 
of  the  ionic  strength  (Figure  4.7).  This  is  because  the  electrostatic  interactions 
between phosphate groups are screened more readily as the number of counter-ions in 
solution increases. This is not a result of greater cation uptake by the duplex at higher 
salt concentrations, but rather, a shift in thermodynamic equilibrium.  
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Figure 4.7. The effect of increasing salt concentration on nearest-neighbour melting temperature for 1 
 M  solution  of  dsDNA  with  the  probe  sequence  AGGAAACACCAAAGATGATATT.    Melting 
temperatures were calculated using the salt concentrations parameters of Owczarzy et al.
17, publicly 
available online at http://eu.idtdna.com/.  
 
The number of cations that bind to single or double-stranded DNA remains constant 
regardless of the ionic strength of the bulk solution, and is determined only by the 
linear charge density (phosphate groups per unit length) of the DNA.
 This assumption 
is the cornerstone of Manning’s theory of counter-ion condensation
18, 19*, which states 
that a fraction of the DNA charge will be compensated by counter-ions condensed at 
                                                
* A more detailed mathematical treatment for DNA-cation binding involves utilization of the Poisson- 
Boltzmann and Debye-Huckel theories. A description of these models is well beyond the scope of this 
thesis but can be found in a recent review paper by Kornyshev et al.
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the  surface.  For  a  1:1  salt,  this  fraction  of  charge,  x,  is  given  by  the  following 
expression: 
1 1 2
1 1
− −
 


 


− =  


 


− =
b
b
kTb
e
x
j
ε
  4.1 
 
Where e is the elementary charge, ε is the dielectric constant, k is the Boltzmann 
constant, T is the temperature, bj is the Bjerrum length (~ 0.7 nm for water at 25 °C) 
and  b  is  the  axial  distance  between  the  charges.  In  DNA,  these  charges  are  the 
phosphate groups, which for ssDNA have a separation of 4 Å
17, 20, 21 and for dsDNA, 
1.7  Å
17,  20.  Thus,  for  ssDNA  the  fraction  of  compensated  charge  is  0.44  and  for 
dsDNA is 0.76. 
 
Consider the equilibrium between DNA in its single and double forms. 
n n n n n n ∆ + +
+ + + +
←
→
∆ + +
2 1 2 1 ) Na ( dsDNA ) Na ( ) Na ( ssDNA ) Na ( ssDNA 1 2 1   4.2 
 
Since the number of cations that bind to a dsDNA molecule is greater than the sum of 
the number of cations that bind to the two ssDNA molecules, hybridisation results in a 
net uptake of counter-ions. Conversely, denaturation of dsDNA into ssDNA results in 
a  net  release  of  counter-ions.    At  high  ionic  strengths,  where  there  are  a  greater 
number of cations in solution, the equilibrium shifts the right and duplex stability 
increases.  At low ionic strengths, where there are  a smaller number of cations in 
solution, the equilibrium shifts to the left and denaturation is favoured.  
 
As the ionic strength of the solution approaches and increases past 1 M, the melting 
temperature of DNA duplex begins to level off and then to decrease. At these very 
high ionic strengths, changes in dsDNA stability are determined by effects of the 
anion, which are known to destabilise dsDNA through hydrophobic interactions with 
the duplex and surrounding bulk water structure
20, 22, 23. 
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4.3.1. Reference Electrode Calibration 
 
The spectro-electrochemical cell  used for the electrochemical melting  experiments 
employs a pseudo silver/silver chloride reference electrode which is in direct contact 
with the experimental buffer. As a consequence, the potential applied changes when 
the  concentration  of  the  salt  in  the  buffer  changes.  To  correct  for  this  change,  a 
calibration  was  performed  by  measuring  the  potential  of  the  silver/silver  chloride 
reference electrode vs. an external SCE electrode for each buffer used (Figure 4.8.). 
These  corrections  were  applied  to  voltage  values  prior  to  data  analysis  and  the 
determination of melting potentials. 10 mM Tris buffers (pH 7.2) of varying ionic 
strength were prepared by the addition of NaCl. 
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Figure 4.8. The potential of a pseudo Ag/AgCl reference electrode in contact with 10 mM Tris (pH 
7.2) buffers of varying ionic strength at 22 °C. 
 
The variation in the potential of the pseudo Ag/AgCl as a function of ionic strength 
was found to 51 mV M
-1 (Figure 4.8). This is close to the expected value of 58 mV M
-
1 that would be predicted from the Nernst equation for the Ag/AgCl redox couple at 
22 °C.   95 
4.3.2. Effect of Ionic Strength on the Melting Potential 
 
Electrochemical melting experiments were performed at a range of ionic strengths 
between 0.01 and 1 M. In each case all of the other experimental parameters (sweep 
rate,  Raman acquisition times) were kept the same. Prior  to experiment, the SSV 
substrate to which the dsDNA was immobilised was permitted to equilibrate for 30 
minutes in a solution of the chosen ionic strength. The sequence of the probe DNA 
used in this experiment was AGGAAACACCAAAGATGATATT with a thiol anchor 
modification at the 5’ as described in Chapter 2. The target sequence was perfectly 
complementary, and included a 3’ Texas Red modification. Attenuation of the Texas 
red bands at 1500 cm
-1 and 1650 cm
-1 were used to monitor electrochemically driven 
denaturation, as described previously in Chapter 3. 
 
The trend observed in the melting potentials is shown in Figure 4.9. At low ionic 
strengths (10 – 100 mM), the electrochemical melting potential was found to first 
become less cathodic, and then more cathodic again with increasing ionic strength. At 
high ionic strengths (> 100 mM) the electrochemical melting potential was found to 
decrease linearly with increasing ionic strength.  
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Figure 4.9. The observed effect of ionic strength on the electrochemical melting potential. The trend in 
melting potentials indicates electrochemical denaturation is hardest at low bulk ionic strengths, and 
easiest at the highest bulk ionic strengths.  
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Exemplar  melting  curves  and  first  derivative  plots  are  shown  for  electrochemical 
melting experiments at low ionic strengths in Figure 4.10 and for electrochemical 
melting experiments at high ionic strength in Figure 4.11. 
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Figure 4.10. The trend in melting potential observed for the ionic strength range 10 – 100 mM. (A) 
The variation of the peak intensity at 1500 cm
-1 as a function of applied potential. In each case the 
potential was swept at 1 mV s
-1 from an initial potential of -0.3 V in pH 7.2 10 mM Tris buffer, and 
spectra  collected  in  25  mV  intervals  utilising  a  single  10  s  acquisition.  (B)  First  derivative  plots 
indicative of melting potential based upon fitting a Boltzmann curve to the data set.  
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Figure 4.11. The trend in melting potential observed for the ionic strength range 100 – 1000 mM. (A) 
The variation of the peak intensity at 1500 cm
-1 as a function of applied potential. In each case the 
potential was swept at 1 mV s
-1 from an initial potential of -0.3 V in pH 7.2 10 mM Tris buffer, and 
spectra  collected  in  25  mV  intervals  utilising  a  single  10  s  acquisition  (B)  First  derivative  plots 
indicative of melting potential based upon fitting a Boltzmann curve to the data set. 
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4.3.3. Discussion 
 
The  effect  of  ionic  strength  on  the  electrochemical  melting  potential  is  complex 
(Figure 4.9) and not easily explained.  The following discussion examines what can be 
deduced about the composition of the solvent that surrounds the duplex and speculates 
about how this might affect the stability of the duplex. 
 
The first difficulty is defining the precise nature of the solvent that surrounds the 
duplex, which in an electrochemical melting experiment, is surface bound. For the 
22mer used in this study, it can be assumed that the duplex extends approximately 8.5 
nm from the surface out into the solution. Whilst defining the bulk ionic strength is 
simple, applying a voltage at the electrode surface will result in a re-arrangement of 
the solvent as described by models for the electrochemical double layer (EDL)
24, 25.  
 
The initial part of this discussion will utilise the Gouy-Chapman model, where the 
electric  field  drops  exponentially  as  a  function  of  distance  from  the  electrode 
surface
24, 25. 
 
Applying a potential of -0.9 V (with respect to the potential of zero charge) to a 
solution  with  a  bulk  ionic  strength  of  10  mM  will  result  in  the  formation  of  an 
electrical  double  layer  which  extends  approximately  3  nm  from  the  surface  and 
encompasses  nearly  half  of  the  immobilised  duplex.  Within  this  EDL,  the 
concentration of cations (Na
+) will be significantly greater than in the bulk.  
 
The concentration of Na
+ at distance x from the electrode surface is given by
24: 





− =
+ +
RT
F
C C
x Na Na
x
ψ
exp 0   4.3. 
 
where F is the Faraday constant, R is the gas constant, T is the temperature and ψx is 
the potential at a distance x from the electrode surface, given by
24, 25: 
( ) kx x − = exp 0 ψ ψ   4.4. 
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Here ψ0 is the potential at the electrode surface and k
-1 is the Debye length, which is 
determined by the ionic strength of the solution, I: 
I N b
k
A j π 8
1 1 =
−   4.5. 
  
where NA is the Avogadro constant and bj is the Bjerrum length (~ 0.7 nm at 25 °C). 
 
Utilising equations, 4.3, 4.4 and 4.5 it is possible to make an estimate of the salt 
concentration ‘felt’ by the duplex at a distance x from the surface as a function of salt 
concentration (Figure 4.12).   100 
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Figure  4.12.  (A)  graphical  representation  and  (B)  Calculated  values  demonstrating  how  the 
concentration of Na
+ ions at a distance x from the electrode surface varies relative to the bulk ionic 
strength at an applied potential of -0.9 V. 
 
At low bulk concentrations, where the Debye length is large and the EDL extends far 
out into the solution, the DNA duplex experiences a salt concentration significantly 
higher  than  the  bulk.  As  the  bulk  concentration  increases  and  the  Debye  length 
decreases, the salt concentration ‘felt’ by the duplex reduces and eventually levels to 
the  bulk  salt  concentration.  In  this  regime,  the  electrical  double  layer  is  highly 
localised at the electrode surface and the salt concentration falls to the bulk value over 
the distance between the mercaptohexanol layer and the thiol anchor group (~ 0.5 
nm), and before the first base-pair is reached. 
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The effective salt concentration can be utilised to explain the trends observed over 
low bulk salt concentrations (10 – 100 mM) where electrochemical melting becomes 
easier and then harder again. Figure 4.12 demonstrates that salt concentration ‘felt’ by 
the duplex decreases and then increases as the bulk concentration is increased, where 
the point of inflection depends on the values chosen for x and ψ0, but is typically 
between 40 and 80 mM. It can therefore be argued that over the low range of ionic 
strengths  (10  –  100  mM),  the  observed  trend  in  melting  potentials  follows  that 
observed for melting temperatures, once the local salt concentration at the surface is 
considered. 
 
There  is  an  assumption  in  this  model  that  requires  further  clarification.  The 
assumption  is  that  the  electric  field  does  not  contribute  (or  makes  a  minimal 
contribution to) the electrochemical denaturation. This assumption is justified because 
in Chapter 3 it was demonstrated that the mechanism of electrochemical melting was 
not an electrostatic repulsion between the sugar-phosphate backbone and the electrode 
surface through the denaturation of a peptide nucleic acid (PNA) duplex.  
 
Whilst the aforementioned theory can be utilised to explain the trend over low bulk 
salt  concentration,  it  does  not  give  any  insight  into  the  electrochemical  melting 
mechanism, nor does it explain the increasingly anodic melting potentials observed at 
high (> 100 mM) bulk ionic strengths. At these higher ionic strengths, the Debye 
length is short and the DNA duplex experiences no (or a very limited) electric field
24, 
25.  The  direct  consequence  of  this  is  that  the  solvent  surrounding  the  surface-
immobilised duplex is anticipated to be of a similar structure to the bulk solution.  
 
Until now the concentration of chloride ions has not been taken into consideration. At 
low bulk concentrations, where the EDL encompasses the DNA duplex, it will be 
comprised of very high concentrations of sodium ions but a minimal concentration of 
chloride  ions  by  virtue  of  the  Donnan  exclusion  principle.  As  the  bulk  salt 
concentration is increased, this will no longer be the case and the DNA duplex will be 
exposed  to  increasingly  higher  concentrations  of  chloride  ions.  Still  ignoring  any 
direct contribution to electrochemical melting by the electric field emanating from the 
electrode, the trend in melting potentials can now be depicted as an outcome of two 
competing factors.  Whilst high concentrations of cations increase duplex stability and   102 
push  melting  potentials  to  more  cathodic  values,  high  concentrations  of  anions 
decrease duplex stability and push melting potentials to more anodic values. Thus, the 
observed  trend  in  melting  potentials can  now be  explained  by  as  follows  (Figure 
4.13): 
 
1)  At very low bulk salt concentrations, the effective Na
+ concentration felt by 
the  duplex  is  very  high  and  there  is  a  significant  stabilising  effect.  The 
concentration of Cl
- felt by the duplex is very low due to the Donan exclusion 
principle. When the bulk salt concentration increases to 50 mM, the effective 
Na
+  concentration  felt  by  the  duplex  reaches  a  minimum  because  of  the 
shortening Debye length, as shown in Figure 4.12. 
2)  Between  50  -  100  mM,  the  concentration  of  Na
+  again  increases,  and  the 
electrochemical melting potentials become more cathodic. Increasing the salt 
concentration from 50 to 100 mM in a thermal melting experiment results in a 
large increase in dsDNA stability, and thus it can be assumed that over this 
range of  bulk ionic strengths the stabilising  effect of the increasing cation 
concentration is greater than the destabilising effect of the increasing anion 
concentration. 
3)  At some critical salt concentration (>100 mM), the destabilising effect of the 
anion becomes more significant than the stabilising effect of the cation and the 
electrochemical melting potentials become more anodic. This effect may be 
particularly potent for two reasons. Firstly, increasing the salt concentration 
beyond  100  mM  in  a  thermal  melting  experiment  results  in  only  a  small 
increase in stability. Secondly, the formation of a dense layer of cations near 
the electrode surface at high ionic strength may result in a region at some 
distance from the electrode surface where the net concentration of anions is 
greater than the net concentration of cations. This ‘charge reversal’ effect has 
been predicted by some recent simulations of the electrical double layer
26-29. 
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Figure 4.13. The impact of the electrical double layer of dsDNA stability as reflected by the observed 
trend in melting  potentials.  (A)  The  overall trend  in  melting  potential  as  a  function  of  bulk  ionic 
strength, I. (B) Graphical representations illustrating the proposed structure of the double layer at bulk 
ionic strengths of [1] 0.01 M, [2] 0.1 M and [3] 1 M, where charge reversal might apply.
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4.3.4. The relationship between Ionic Strength, Strand Length, and Melting 
Potential 
 
The effect of the electrical double layer on the stability on the immobilised dsDNA 
has important consequences when considering the relative melting potentials of DNA 
duplexes of different lengths. Consider the nature of the ionic environment in the 
proximity of a 14 and a 22 base-pair surface immobilised duplex when the bulk ionic 
strength is 0.1 M (Figure 4.14.). Upon applying a negative potential at the surface, the 
electrical double layer will form, and assuming a simple Gouy-Chapman model
24, 25, 
the  concentration  of  cations  at  some  distance  x  from  the  surface  will  given  by 
Equation 4.1, as described earlier. 
 
 
Figure 4.14. Graphical representation illustrating the extent to which the composition of the electrical 
double layer (EDL) can exert an influence on immobilised duplexes of differing length. At a bulk ionic 
strength of 0.1M, the majority of a 14bp duplex is expected to lie within the EDL, whilst much of a 
22bp duplex is expected to lie outside of it. 
 
A larger proportion of the shorter (14 base-pair) strand will lie within the region of 
electrical double layer which has heightened salt concentration relative to the bulk. 
The  model  described  in  Section  4.3.3.  therefore  predicts  that  shorter  strands  of 
immobilised dsDNA will be preferentially stabilised and have melting potentials that 
are more cathodic than longer strands of similar thermal stability. 
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Whilst a full study of the effect of dsDNA length on the electrochemical melting 
temperature was not performed, analysis of the existing available data appeared to 
validate this prediction (Figure 4.15.). 
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Figure 4.15. The relationship between nearest-neighbour melting temperature and melting potential 
described in Chapter 3, now overlain with new data for 12 and 22 base-pair duplexes. The longer 22 
base-pair duplex has a melting potential significantly less negative than predicted.  
 
Caution must therefore be advised when predicting the melting potential of a surface-
immobilised  dsDNA  utilising  the  equations  and  methods  described  in  Chapter  3, 
because  the  determined  relationship  between  melting  temperature  and  melting 
potential (1 °C = 9 mV) applies only to dsDNA that is 14 base-pairs in length.  
 
Clearly,  further  experiments  are  required  before  it  will  be  possible  to  fully 
characterise the relationship between melting potential and strand length. However, 
after this is accomplished, it should be possible to introduce a correction parameter 
into the formulae described in Chapter 3 so that the melting potential of any surface-
immobilised dsDNA strand can be predicted, regardless of its length or structure. 
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4.4. The Effect of Different Cations on the Electrochemical Melting 
Potential 
 
4.4.1. Overview 
 
A series of experiments were performed to determine what affect different cations of 
chloride had on the electrochemical melting potential. So far, it has been shown that 
electrochemical  melting  potentials are  directly  related  to  their  counterpart  melting 
temperatures,  suggesting  that  electrochemical  melting  directly  probes  the 
thermodynamics of the DNA duplex. It was therefore expected that any change in the 
cation used would  result  in only small changes in  the  melting  potential (over the 
mono-valent salts), < 25 mV (3 °C), and would follow the well-established order
30, 31: 
 
Na
+ ~ K
+ < Cs
+ ~ NH4
+ < Cs
+ < Li
+ << Mg
2+ 
 
Electrochemical melting curves were obtained in buffers of containing varying cations 
of chloride with a total ionic strength of 0.5 M. The sequence of the probe DNA used 
in these experiments was AGGAAACACCAAAGATGATATT with a thiol anchor 
modification at the 5’ as described in Chapter 2. The target sequence was perfectly 
complementary, and included a 3’ Texas Red modification. Attenuation of the Texas 
red bands at 1500 cm
-1 and 1650 cm
-1 were used to monitor electrochemically driven 
denaturation, as described previously in Chapter 3. 
 
Melting profiles at an ionic strength of 0.5 M are shown in Figure 4.16. 
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Figure 4.16. (A) The variation of the peak intensity at 1500 cm
-1 as a function of applied potential. In 
each case the potential was swept at 1 mV s
-1 from an initial potential of -0.3 V in pH 7.2 10 mM Tris 
buffer, and spectra were acquired every 25 mV in static mode with a single 10 s acquisition. (B) First 
derivative plots indicative of melting potential based upon fitting a Boltzmann curve to the data set. 
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4.4.2. Discussion 
 
Different mono-valent cations have been shown to have a very minor effect on the 
thermal stability (< 3 °C as measured by melting temperature from Na
+ to Li
+) of a 
dsDNA duplex, where the order observed is
30, 31: 
Na
+ ~ K
+ < Cs
+ ~ NH4
+ < Li
+ 
 
However, the ordering of the cations in terms of stability under an applied potential 
gradient (as measured by the melting potential) is as follows: 
  K
+ < Na
+ < Li
+ < Cs
+ < NH4
+ 
 
In addition to a very different sequential order, the effect of changing the cation is 
much more pronounced than for thermal melting, that is, there is almost a 90 mV shift 
in  the  melting  potential  from  K
+  to  NH4
+,  which  based  on  our  previous  results, 
equates to melting temperature shift of 12 °C. This compares to just a 3 °C shift in 
melting temperatures observed between K
+ and NH4
+ observed in thermal melting 
experiments. 
 
It is possible to speculate about the observed mono-valent cation order by comparing 
our results to those previously published that describe the relative binding affinity of 
different mono-valent cations for DNA. 
 
Bleam et al. obtained binding affinity data for a variety of mono-valent cations by 
using NMR line-width measurements
32. In a series of experiments, they measured the 
displacement of Na
+ ions from a DNA helix upon introduction of another cation, and 
obtained the following order: 
Na
+ < K
+ < Li
+ < Cs
+ < NH4
+ 
 
With the exception of K
+, the ordering is identical to that observed for the melting 
potentials in our experiments. Indeed, plotting data for the competition parameter, D, 
(a measure of how easily Na
+ is displaced from DNA by another cation) obtained 
from their work as a function of the melting potential yields a straight line with a 
strong correlation (Figure 4.17). 
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Figure 4.17. Plot of melting potentials vs. the competition parameter, an indicator of relative binding 
affinity, at a fixed ionic strength of 0.5 M. Values for the competition parameter have been taken from 
reference 32. 
 
Denisov and Halle reported the same ordering as Bleam et al. in a recent publication 
where they used 
23Na NMR quadrapole relaxation studies to determine cation-binding 
affinity
33. Electrophoretic measurements by Ross and Scrugs
34 deduced the relative 
binding affinity to be K
+ < Na
+ < Li
+, in perfect agreement with the order of melting 
potentials we have obtained.  
 
In addition to experiments designed to directly measure relative binding affinities, 
there  have  been  several  studies  that  propose  to  indirectly  reflect  relative  binding 
affinities because of the importance of the cations on dsDNA conformation. Anderson 
and Bauer
35 measured the extent of DNA super-coiling using viral PM2 DNA as a 
function of ion type and concentration, and obtained the following order: 
Na
+ < K
+ < Li
+ < Rb
+ < Cs
+ <  NH4
+ 
 
Again, this order is identical to which we have obtained, with the exception of K
+ 
whose position differs not only with the electrochemical melting data but also with the 
results of Bleam et al. Precisely the same order was also obtained by Hanlon et al., 
who examined the effect of different cations on the circular dichroism of calf thymus 
DNA in solution
36-38. 
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In a simplistic model, the ionic environment around a dsDNA helix can be separated 
into two parts. There are ions that sit in a diffuse cloud around the DNA helix, and 
secondly,  ions  that  deeply  penetrate  into  the  dsDNA  structure  and  are  partially 
condensed in the spine of hydration and/or the duplex grooves
19, 32, 33. Based on the 
data presented here, it seems pertinent to conclude that these deeply penetrating ions 
are  highly  involved  in  the  underlying  electrochemical  melting  mechanism,  as 
changing the mono-valent cation involved has a significant impact on the melting 
potential. 
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4.5. Summary 
 
This chapter has described the way in which the pH and ionic composition of the 
experimental buffer affects the electrochemical melting potential. In addition, some 
possible mechanisms for the electrochemical melting process have been disproved. 
 
It was shown that pMBA adsorbed at an SSV substrate can be used as an effective pH 
sensor over the pH range 6 – 8. In situ monitoring of local pH conditions during a 
spectro-electrochemical experiment by  using  SERS  was  demonstrated  for the  first 
time. The results show that there is no pH change during the potential driven melting 
of immobilised dsDNA, and that the electrochemical melting potential is independent 
of pH over the range 6 - 8, in broad agreement with prior solution based thermal 
melting studies. 
 
The way in which the electrochemical melting potential varies as a function of ionic 
strength was found to be complex. A qualitative hypothesis for the trend in melting 
potentials has been described based on the structure of the electrochemical double 
layer at the SSV surface. At low ionic strengths, where the double layer encompasses 
most of dsDNA length, the concentration of cations ‘felt’ by the DNA is higher than 
the bulk. As the ionic strength increases, the localised cation concentration falls and 
then rises again, reflecting the trend in melting potentials. At high ionic strengths (> 
0.1 M), the melting potentials become more anodic again. One possible explanation 
for this is that the compact layer of cations close to the electrode surface results in a 
net increase in anions in proximity to the DNA due to charge reversal
26-29. 
 
Finally, the effect of changing the cation in the experimental buffer was described. 
The results suggest that those ions that bind most tightly to the duplex cause the 
greatest increase in duplex resistance to electrochemical melting. 
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5. Label Free DNA Detection and Discrimination 
 
5.1. Overview 
 
In Chapters three and four, it was demonstrated that the denaturation of dsDNA at an 
electrode surface can be monitored by the changes in SERS signal from a reporter 
molecule  covalently  attached  to  the  target  strand.  This  method  can  be  utilised  to 
distinguish  between  different  sequences  in  DNA.  Unfortunately,  the  need  to 
covalently attach a SERS active label to the DNA target prior to detection reduces the 
effectiveness of the technology because synthetic pre-treatment of the DNA target to 
be analysed is required. 
 
This is a common problem with many DNA detection and discrimination assays. The 
time,  difficulty  and  expense  of  synthetically  pre-treating  a  target  analyte  greatly 
diminishes the effectiveness of the assay. Furthermore, the synthesis, which must be 
conducted in a laboratory, inherently makes the technology challenging to integrate 
into a device that could be used at the point of care. To this end, there has been a 
growing interest in ‘label free detection’.  
 
The precise definition of ‘label free’ is often unclear, because most ‘label free’ assays 
still  rely  on  the  detection  of  a  reporter  molecule  by  using  a  spectroscopic  or 
electrochemical method of some description. In the context of the research described 
in this thesis, ‘label free’ refers to the detection and discrimination of DNA without 
the requirement to synthetically pre-treat the DNA to be detected prior to analysis. 
 
Several groups have reported label-free methods of detecting DNA in recent years, 
including the use of carbon nano-tube network field-effect transistors
1, 2, florescence
3,  
nano-mechanical cantilevers
4 and surface plasmon resonance
5, 6. 
 
Plaxco et al. have pioneered the use of methylene blue labelled aptamers that produce 
an increased electrochemical response upon binding of a target oligonucleotide
7-10. 
Initially, the methylene blue redox label is held at a position far from surface. Upon 
binding, the aptamer folds such that the methylene blue is in a position closer to the   115 
electrode  surface,  permitting  electron  transfer,  and  the  recorded  Faradic  current 
increases significantly
8, 11. This type of assay can be ‘termed’ label free because no-
prior modification of the target strand to be detected is required. Label free detection 
using  impedance  spectroscopy  has  also  been  reported
12-14,  but  the  sensitivity  of 
impendence measurements to small changes in environmental conditions leaves the 
reproducibility and reliability of this method open to debate. 
 
There are very few reports of label-free detection of DNA utilising SERS. Halas and 
co-workers  have  demonstrated  the  label-free  detection  of  DNA  by  substitution  of 
adenine  in  a  surface-immobilised  probe  sequence  with  2-amino  purine
15.  This 
substitution  removes  the  characteristic  adenine  bands  that  typically  dominate  the 
SERS  spectra  of  DNA
16.  A  target  oligonucleotide  can  then  be  detected  by  re-
appearance of adenine bands in the spectra upon hybridisation. A recent report by Bell 
et  al.  demonstrated  that  single-base  mismatches  can  be  detected  directly  from 
unlabelled  and  unmodified  oligonuclotides  by  utilising  MgSO4  aggregated  silver 
colloids
17. In this report, the DNA is bound non-specifically through the individual 
bases which lie perpendicular to the colloid surface. 
 
In this Chapter, the ‘label free’ detection of DNA via the use of dsDNA selective 
binding  agents  is  demonstrated.  These  binding  agents  interact  non-covalently  and 
selectively with surface-immobilised dsDNA and thus no synthetic pre-treatment of 
the target oligonucleotide to be detected is required. The ‘Label free’ detection of 
dsDNA at an SSV surface has been combined with the thermal and electrochemical 
denaturation  methods  developed  in  previous  chapters  to  demonstrate  the 
discrimination of DNA sequences responsible for the mutations in the CFTR gene. 
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5.2. DNA Binding Molecules 
 
5.2.1. Modes of Binding 
  
There  are  three  main  ways  in  which  dsDNA  can  bind  non-covalently  to  a  small 
molecule (Figure 5.1): 
 
 
Figure 5.1. Diagram illustrating the various ways in which small molecules can bind non-covalently to 
DNA, including groove-binding, intercalation and electrostatic interactions. 
 
External Binders 
Positively  charged  molecules  can  bind  electrostatically  to  the  backbone  of  DNA 
through  the  negative  charges  on  the  phosphate  backbone.  Although  electrostatic 
interactions could be used to detect the presence of DNA at the SERS surface, it is not 
specific to dsDNA and therefore not suitable for monitoring DNA denaturation. 
 
Intercalation  
A number of flat, aromatic molecules can interact by intercalation between base pairs 
in DNA. Intercalation typically results in conformational changes in the DNA duplex. 
Intercalated molecules are generally flat and aromatic, and they lie in plane with the 
base pairs of DNA. In an electrochemical melting assay, the DNA bases are assumed 
to be parallel to the surface, and by virtue of the Raman surface selection
18, 19 rule this   117 
theoretically  makes  intercalated  molecules  very  difficult  to  detect.  Examples  of 
intercalators  include  acridine  orange  and  ethidium  bromide.  An  additional 
consideration when utilising intercalating molecules is their high toxicity. Ethidium 
bromide  for  example,  is  highly  mutagenic  and  requires  specialist  handling  and 
disposal procedures. 
 
Minor groove binders 
Minor groove binders interact with DNA by binding into the deep narrow groove of 
dsDNA upon. Examples of minor groove binders include the DNA stains DAPI and 
Hoechst 33258. Since the interaction is specific to dsDNA, and the minor groove is 
not typically parallel to the SERS surface, this class of molecule theoretically offers 
the best prospects for monitoring dsDNA denaturation. 
 
5.2.2. Choice of Binding Agent. 
 
In  total,  six  binding  agents  were  screened  as  potential  DNA  binding  agents  for 
utilisation in a SERS detection and discrimination assay, the structures of which are 
shown in Figure 5.2. Both intercalators and minor-groove binders were screened as 
potential binding agents. Whilst minor-groove binders will theoretically provide better 
SERS  signals  than  intercalators  because  of  their  orientation  with  respect  to  the 
surface, most intercalators have at least some functional groups that lie perpendicular 
to the base-pairs between which they are situated, and these should still be detectable.  
 
The properties of the six binding agents are shown in Table 5.1. Three of the dyes 
chosen are resonant with the pump laser (633 nm HeNe) used to collect the SERS 
spectra, and it was anticipated that this would provide an additional resonant Raman 
effect and increase the sensitivity of detection. 
   118 
 
Figure 5.2. Structures of the six binding agents used in this study. 
 
Table 5.1. Properties of the six DNA binding agents used in this study. 
 
Binding 
Agent 
Molecular Weight / 
g mol
-1 
Mode of 
Binding 
Excitation λ / 
nm 
Emission λ / 
nm 
Acridine 
Orange 
265.35  Intercalation  502  525 
DRAQ 5™  412.54  Intercalation  647  670 
Hoechst 
33258 
533.88 
Minor 
Groove 
352  461 
DAPI  277.32 
Minor 
Groove 
358  461 
Methylene 
Blue 
319.85  Multiple
*  664  682 
To-Pro 3®  671.42  Multiple
†  642  661 
                                                
* Methylene blue binds selectively to dsDNA through both a minor-groove interaction and 
intercalation. 
† To-Pro 3® also binds strongly to ssDNA in solution. Modes of binding to dsDNA are thought to be 
intercalation, minor-groove and electrostatic interactions.   119 
5.3. DNA Preparation and Design 
 
Sequences  in the  gene responsible  for coding  the  Cystic  Fibrosis  Transmembrane 
Regulator (CFTR) protein were used as a model system to demonstrate the label-free 
SERS  detection and  discrimination  of  mutations.  Sequences  from  the CFTR  gene 
were chosen because of an existing familiarity with this system
20, 21. 
 
Each  dsDNA  was  composed  of  a  5’  modified  probe  oligonucleotide  and  an 
unmodified target oligonucleotide. The probe sequence, which remained constant in 
all the experiments, was designed to bind to the gold substrates through three di-thiol 
phosphoramidites attached to the probe at the 5’ end. The structure and attachment of 
this modification is described in Chapter 2. The complementary target sequence used 
was either the ‘wild type’ perfect match, or one of two destabilising mutations; a 
triplet deletion or a single nucleotide polymorphism (Table 5.3.). 
 
Table 5.3. Sequences of the probe, and target oligonuclotides used in this study. Mutations in the 
 F508  triple  deletion  and  1653C/T  single  nucleotide  polymorphism  (SNP)  oligonucleotides  are 
highlighted in bold. 
 
Probe  HXHXHX-5’  A  G  G  A  A  A  C A  C C A  A  A  G  A  T G  A  T A  T T 
 
3’ 
Wild type  3’  T C C T T T G  T G  G  T T T C T A  C T A  T A  A 
 
5’ 
 F508 Deletion  3’  T C C T T T G T G G T T T T T A C T A T A A 
 
3’ 
1653C/T SNP  3’  T C C T T T G  T G  G  - - - C T A  C T A  T A  A 
 
3’ 
 
5.4. Label Free Detection of DNA 
 
5.4.1. Detection of dsDNA at an SSV Surface 
 
Sphere segment void substrates with immobilised dsDNA were prepared as described 
in Chapter 2. Following hybridisation of the target strand, substrates were exposed to 
a 1mM solution of the chosen DNA binding agent for three hours. Substrates were 
then rinsed thoroughly with a 10 mM Tris buffer solution (pH 7.2) containing 1 M 
NaCl before measurement.   120 
 
It was possible to detect dsDNA immobilised at an SSV substrate with five of the six 
binding agents studied. The SER(R)S spectra of Hoechst 33258, DAPI, methylene 
blue,  and  To-PRO®  in  the  presence  of  surface  immobilised  single-stranded  and 
double-stranded DNA are shown in Figure 5.3. 
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Figure 5.3. SERS spectra of (A) DAPI (B) Hoechst 33258,  (C) methylene blue and (D) To-Pro® 3 in 
the presence of surface immobilised single-stranded (red line) and double-stranded (black line) DNA. 
Spectra were collected in extended mode using 2 averaged acquisitions. Collection times have been 
normalised and spectra have been background subtracted for clarity and ease of comparison. 
 
DAPI, Hoechst 33258, acridine orange, methylene blue and To-Pro® 3 were found to 
be selective for dsDNA in our detection assay. Whilst these molecules are often used 
in  ssDNA  staining  protocols,  the  interaction  between  the  binding  agent  and  the 
ssDNA is typically weak and only electrostatic in nature. Stronger intercalation and 
groove-binding  interactions  can  only  occur  in  dsDNA.  Furthermore,  ssDNA 
immobilised at a surface is significantly less accessible than in solution, particularly at 
high  salt  concentrations  and  at  room  temperature  where  it  adopts  a  compressed 
orientation close to the electrode surface, with little extension out into the solution
22.   121 
 
Prior to measurement, substrates were rinsed thoroughly in a 10 mM Tris buffer (pH 
7.2)  containing  1  M  NaCl.  The  large  quantity  of  ions  in  solution  screens  the 
electrostatic interactions between the binding agent and the ssDNA, and molecules 
bound through just a weak electrostatic interaction are washed away from the surface. 
 
Acquisition of SER spectra at an SSV surface in the presence of the fluorescent label 
DRAQ-5™ resulted in immediate saturation of the detector during measurement, even 
when very short acquisition times ( < 5 s) and low laser powers ( < 1 mW) were used. 
This  suggests  that  whilst  DRAQ  5™  intercalates  successfully  into  surface 
immobilised dsDNA, the strong florescence of this molecule makes detection with 
SERS impossible with a 633 nm excitation source.   
 
In  Chapter  3,  it  was  demonstrated  that  the  florescent  label  Texas  red  covalently 
attached  to  target  DNA  was  an  effective  reporter  molecule  in  a  SERS  based 
discrimination  assay.  However,  in  this  case  the  label  is  attached  proximal  to  the 
surface of the SERS substrate, and the majority of the florescence is quenched. Since 
the position at which DRAQ-5™ intercalates into the immobilised dsDNA cannot be 
reliably controlled, the metal-flurophore quenching is not as effective.  
 
The same problem did not occur with Methylene blue or To-PRO®-3, which despite 
their use as florescent stains produced very intense Raman spectra. The spectra of 
these two molecules were found to be significantly more intense than those observed 
for DAPI, Hoechst 33258 or acridine orange due to resonance excitation by the 633 
nm laser. This resonance Raman effect gives rise to ~10
3 enhancement, creating a ~ 
10
9 enhancement overall when combined with SERS
23.  
 
The minor-groove binders DAPI and Hoechst  33258 have been  shown to bind  to 
repeating AT tracks and are highly selective for dsDNA
24, 25. For the oligonuclotides 
used in this study, the AT repeat region is at the 3’ end of the probe strand and at the 
5’ of the target strand respectively. In our assay, where the probe strand is attached to 
the gold substrate through a thiol anchor at the 5’ end, it is reasonable to assume that 
these binding agents are held in the minor groove approximately 20 base pairs (9 nm) 
from  the  surface.  Previously,  we  have  shown  that  the  surface  coverage  of  these   122 
oligonucleotides immobilised at an SSV surface is roughly 1 ×10
12 molecules cm
-2, 
and assuming that one molecule of DAPI or Hoechst binds to each dsDNA molecule, 
the SERS spectra were collected from approximately 12,500 molecules. 
 
This demonstrates the outstanding capabilities of the sphere segment void substrate, 
where  it  is  possible  to  detect  molecules  at  the  atto-mole  level  even  when  the 
conditions are highly unfavourable. In this case, the molecule to be detected is not 
resonant  with  the  excitation  source  and  is  far  from  the  metal-dielectric  boundary 
where the enhancing surface plasmons modes are most intense. 
 
The detection of multiple binding agents also highlights the flexibility of our label-
free SERS detection assay. Whilst resonant methylene blue and To-Pro® 3 proved the 
best choice for use as reporter molecules with the 633 nm excitation laser used in our 
study,  it  should  be  possible  to  obtain  the  resonant  SERS  effect  from  other  DNA 
binding agents by utilising another excitation wavelength. For example, Hoesct 33258 
and DAPI would be resonant with a UV (363 nm) laser. A more practical example is 
the nucleic acid stain To-Pro® 5, which is similar in structure to the To-Pro® 3 used 
in this study. To-Pro® 5 has excitation and emission maxima of 745 nm and 770 nm 
respectively, and is resonant with a 785 nm (diode) laser. These types of laser are 
portable, low cost and can easily be integrated into small point-of-care devices. 
 
5.4.2. Peak Assignments and Binding Orientation 
 
The  SERRS  spectra  of  methylene  blue,  Hoechst  33258  and  DAPI  were  in  good 
agreement  with  those  reported  previously,  and  peaks  were  assigned  based  on  the 
literature values available for these molecules (table 5.3.). The SERS spectrum of To-
PRO® has not previously been reported, but shows characteristics that are typical of 
cyanine  dyes.  Some  of  the  major  peaks  for  this  molecule  have  been  tentatively 
assigned based on literature values for cyanine dyes.   123 
 
Table 5.3. Major peak assignments for the DNA binding agents methylene blue, DAPI, Hoechst 33258 
and To-Pro® 3.  
 
Molecule  λ / cm
-1  Assignment  Reference 
1622  C=N stretch   
1432  CH3 stretch 
26-29 
1388  C=C ring stretch 
26-29 
902  C= C Ring stretch 
26-29 
Methylene 
Blue
‡ 
480  C-S stretch 
26-29 
1612  C=N stretch 
30 
1540  C=C stretch, C=N stretch   
1459  CH3 stretch   
DAPI
§ 
979  C-C ring deformation, C-N ring deformation   
1628  C=N stretch, C=C stretch 
31 
1553  C=N stretch, C=C stretch 
31 
1445  Skeletal ring in-plane bend 
31 
1290  C-H deformation 
31 
Hoechst 
979  C-C ring deformation, C-N ring deformation 
31 
1556  Chromophore C=N stretch 
23, 32-34 
1448  -CH asymmetric deformation, chromophore 
ring stretch 
23, 32-34 
1393  C=C chromophore ring stretch 
23, 32-34 
1254  Aromatic CH in-plane bend 
23, 32-34 
1138  CH3-CH-CH3 skeletal stretch 
23, 32-34 
1002  Chromophore aromatic C-C 
23, 32-34 
To-Pro 3® 
531  Methine chain stretch 
23, 32-34 
 
 
                                                
‡ The peak at 1622 cm
-1 is typically assigned to a C=C ring stretch in literature reports
26-29. However, 
the results presented in Figure 5.7 suggest that a C=N ring stretch is a more suitable assignment. 
§ These peaks were assigned based on similarities between the spectra of DAPI and Hoechst 33258.   124 
The  spectrum  of  acridine  orange  bound  to  dsDNA  immobilised  DNA  was  not  in 
agreement with previously reported SERS studies of this molecule
35, as only some of 
the expected peaks were present. This can be explained by considering the Raman 
surface selection rule
18, 19, and the orientation of the acridine orange with respect to 
the SSV surface. 
 
The Raman surface selection rule states that those bands in the spectra that are most 
intense will be associated with a vibrational mode that has a polarisability tensor in a 
direction perpendicular to the surface
18, 19. Weaker contributions to the spectra will 
come from vibrational modes that have a polarisability tensor parallel to the surface.  
 
Since  the  binding  mechanism  of  acridine  orange  to  dsDNA  is  exclusively 
intercalation
36, 37, in our assay the molecule will lie in a position parallel to the SSV 
surface. In this orientation, the vibrational modes with large polarisability components 
perpendicular to the surface will typically be deformations of the methyl groups that 
lie out-of-plane with the aromatic ring. 
 
Conversely, when acridine orange is perpendicular to the SERS surface, as described 
in the study by Zimmermann et al.
35, the vibrational modes with large polarisability 
components perpendicular to the surface will be stretches of the aromatic ring.  
 
The orientation of acridine orange with respect to the surface was confirmed by a 
further  experiment.  A  1  mM  acridine  orange  solution  was  dropped  onto  an  SSV 
substrate  and  permitted  to  dry,  providing  an  ensemble  of  random  molecular 
orientations at the surface. The SERS spectrum of dsDNA bound acridine orange (in a 
fixed  orientation)  was  compared  with  the  SERS  spectrum  of  acridine  orange  in 
random orientations (Figure 5.4.).   125 
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Figure 5.4. SERS Spectra of acridine orange (A, black line) bound to dsDNA and held in a fixed 
orientation parallel to an SSV surface and (B, red line) in an ensemble of orientations at an SSV 
surface. Spectra were collected with (A) 2 x 45s and (B) 1 x 10s acquisition, and are presented without 
further correction for clarity. Peaks assignments are based on those reported by Zimmerman et al.
35 
 
Table 5.4. Major peak assignments for the DNA intercalator acridine orange, based on those reported 
by Zimmerman et al.
35 
 
λ / cm
-1  Assignment 
1655  Ring stretch 
1409  C-C Ring stretch 
1373  CH3 deformation 
1336  C-N stretch and CH3 deformation 
1227  CH3 deformation 
1196  C=N stretch 
635  C-H deformation 
603  C-N ring deformation, C-C ring deformation   126 
 
The  spectrum  of  acridine  orange  in  an  ensemble  of  orientations  was  in  good 
agreement with previous literature reports. Peaks in the spectra of acridine orange 
were  assigned  based  on  a  very  detailed  SERS  study  by  Zimmerman  et  al.
35 
Comparison of the two spectra in Figure 5.4 gives direct spectroscopic for the Raman 
surface  selection  rule,  and  highlights  how  SERS  can  be  used  to  determine  the 
mechanism and orientation to which molecules bind to dsDNA. From this result it can 
be deduced that acridine orange binds to dsDNA exclusively through intercalation, 
which is consistent with literature reports
36, 37. 
 
The spectra of the other binding agents studied (Hoescht 33258, DAPI, methylene 
blue and To-Pro®) were found to be similar regardless of whether the binding agent 
was an ensemble of random molecular orientations at the surface or bound to surface 
immobilised dsDNA (Figure 5.5). Whilst some of the molecules may be bound to the 
dsDNA by intercalation, this result suggests that the majority are bound to dsDNA 
through  minor-groove  and/or  electrostatic  interactions.  This  is  consistent  with 
reported binding mechanisms for the Hoechst 33258, DAPI, and To-Pro® 3 stains. 
The exact mode of MB binding to dsDNA has been the subject of extensive research, 
particularly in computational simulations
28, 37-39. For AT rich sequences, minor groove 
binding is believed to be favoured over intercalation
38. In the case of the sequences 
used in this study, the AT content is >70 %, and it can be assumed that the majority of 
the methylene blue is bound via a minor groove interaction in the surface immobilised 
dsDNA used in this study. 
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Figure 5.5. SERS of (A) To-PRO3 (B) methylene blue (C) Hoesct 33258, and (D) DAPI bound to 
dsDNA at an SSV surface and (black line) and in an ensemble of orientations at an SSV surface (red 
line). Spectra were collected from a single acquisition in extended mode, and have been background 
corrected and normalised to maximum. 
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5.5. Thermally Driven DNA Melting 
 
5.5.1. Methylene Blue 
 
Methylene blue is a relatively non-toxic dsDNA binding agent that is resonant with a 
633 nm excitation and as such made an ideal candidate for initial label free SERS 
melting  experiments.  Upon  heating,    dsDNA  denaturation  occurs,  and  this  is 
monitored  via  the  methylene  blue  peaks  at  1621  cm
-1  and  1388  cm
-1,  which  are 
assigned as the C=N and C=C aromatic ring stretches respectively. 
 
Representative SERS spectra and thermal melting curves for three dsDNA strands 
from the CTFR gene are shown in Figure 5.6. The perfectly complementary ‘wild-
type’  sequence  has  the  highest  thermal  stability,  whilst  the  single  nucleotide 
polymorphism  and  triplet  deletion  have  lower  but  similar  thermal  stabilities.  The 
results are in general agreement with our previous SERS melting studies in which the 
target molecule was labelled covalently with Texas Red and solution based thermal 
melting, although the melting temperatures obtained here are lower than in both of 
those cases
21. The increase in stability of a duplex upon covalently attaching a label is 
well documented, whilst the lower melting temperatures observed for surface bound 
duplexes has been observed by a number of researchers, and is  generally attributed to 
repulsive charge effects due to the density of the immobilized probes at the substrate 
surface
40.  
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Figure 5.6. (a) Representative SERS spectra and (b) melting curves illustrating discrimination of a 
wild-type,  single  nucleotide  polymorphism  and  triplet  deletion  in  the  CTFR  gene  with  label  free 
thermal melting carried out in the presence of a 10 mM phosphate buffer (pH 8.1) with 1 M NaCl at a 
ramp rate of 0.5 °C per minute. 
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5.6 Electrochemically Driven Melting 
 
5.6.1. The Electrochemistry of Methylene Blue  
 
As  well  as  use  for  monitoring  during  thermal  denaturation, it  was envisaged  that 
methylene blue could be used to monitor electrochemical denaturation as the surface 
potential is driven negative. However, its use is complicated as MB is readily reduced 
at negative potentials to its colourless leuco form (LMB), which is not resonant with 
the  633  nm  excitation  wavelength  and  has  a  slightly  different  structure.  Using 
SER(R)S  it  is  possible  to  monitor  the  reduction  and  oxidation  of  methylene  blue 
whilst bound to the minor groove of the dsDNA. SERRS can effectively be turned on 
or off by switching the molecule between its resonant and non-resonant forms (Figure 
5.7).  
 
 
Figure  5.7.  Diagram  illustrating  the  structural  changes  that  occur  when  methylene  blue  is 
electrochemically reduced to leuco-methylene blue.  
 
The transformation of MB to LMB can be observed from the peaks at 1621 cm
-1 and 
1388  cm
-1,  which  are  assigned  as  the  C=N  and  C=C  aromatic  ring  stretches 
respectively. As the MB is gradually reduced, both the 1621 cm
-1 and 1388 cm
-1 drop 
rapidly  in  intensity  due  to  the  loss  of  resonance  with  the  excitation  wavelength. 
Eventually, the 1621 cm
-1 peak is lost completely due to the destruction of the C=N 
bond whilst the 1388 cm
-1 remains. Upon reversing the potential, the C=N band re-
appears and overall the intensity of the spectra increase as the leuco-methylene blue is 
oxidised back to methylene blue and the resonance of the molecule with the excitation 
wavelength is restored (Figure 5.8).   131 
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Figure 5.8. Changes in the peak height of (A) the C=C stretch at 1580 cm
-1 and (B) C=N stretch at 
1622 cm
-1 as a function of applied potential; and representative spectra illustrating this change during 
the (C) forward and (D) reverse scan of a cyclic voltammetry experiment in which methylene blue was 
bound to the minor grove of surface immobilised dsDNA. The potential at the electrode surface was 
swept  at  0.5  mV  s
-1  between  -0.1  and  -0.65  V  in  a  10  mM  Tris  buffer  (pH  7.2)  containing  
1 M NaCl.   132 
5.6.2. Discrimination of Mutations with Leuco-Methylene Blue 
 
Whilst no longer resonant with the 633 nm excitation source, dsDNA bound leuco-
methylene blue could still be detected with SERS and therefore used as a reporter 
molecule in a label-free SERS assay.  
 
The peak intensities of the bands at 1388, 1450, 1584 and 1641 cm
-1 for the methylene 
blue/leuco-methylene blue were monitored as a function of applied potential during an 
electrochemical melting experiment in which the potential was swept between -100 
and -1400 mV vs. Ag/AgCl (Figure 5.9).  
 
When the methylene blue is reduced to leuco-methylene blue, the 1641 cm
-1 band no 
longer appears in the SERS spectrum. As the C=N band attenuates, it is replaced by a  
weak band at 1584 cm
-1 which is tentatively assigned as the C-N-C stretch of leuco-
methylene  blue.  The  most  intense  band  in  leuco-methylene  blue  is  the  C=C  ring 
stretch. After the initial loss of intensity caused by the reduction of methylene blue, 
the peak intensity of the C=C band begins to increase again. This increase occurs 
when the potential is scanned cathodic between -800 and -1000 mV. This intensity 
increase has been observed previously in electrochemical melting assays where the 
labels Texas Red
20, 21, 41 and anthraquinone
20, 42 were covalently bound to the DNA. A 
similar trend is seen in the intensity of the 1450 cm
-1 band attributed to the CH3 
deformation. However, in comparison to the C=C band, the peak is significantly less 
intense overall and the changes in peak height as a function of potential are less well-
defined. Upon driving the potential cathodic beyond -1000 mV vs. Ag/AgCl, there is 
an irreversible loss in SERS intensity which can be attributed to the electrochemically 
driven DNA denaturation.   133 
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Figure 5.9. (a) Representative SERS spectra and (b) changes in peak height as a function of applied 
potential  illustrating  electrochemical  reduction  of  dsDNA  bound  methylene  blue  and  subsequent 
electrochemical melting. The potential was swept a scan rate of 0.05 mV s
-1 in a 10 mM Tris Buffer 
(pH 7.2) with 1 M NaCl. Spectra were acquired with a 2.7 mW 633 nm excitation laser, and have been 
background subtracted and normalised with respect to laser power and accumulation time.    134 
Changes in the C=C stretch of methylene blue as a function of applied potential were 
utilised to monitor electrochemically driven DNA denaturation of mutations in the 
CTFR gene (Figure 5.10.) The results highlight that a single nucleotide polymorphism 
and  a  triplet  deletion  can  be  clearly  distinguished  from  a  fully  complementary 
sequence  in  a  label-free  electrochemical  melting  experiment  in  which  leuco-
methylene blue is used as the reporter molecule. 
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Figure 5.10. Discrimination of mutations in the CTFR gene utilising label-free E-melting. (A) The 
variation of the peak intensity at 1388 cm
-1 as a function of applied potential. In each case the potential 
was  swept  at  0.5  mV  s
-1  from  an  initial  potential  of  -0.3  V  in  pH  8.1  10  mM  phosphate  buffer 
containing  0.1  M  NaCl.  Spectra  were  acquired  every  25  mV  in  static  mode  with  a  single  10  s 
acquisition. (B) First derivative plots indicative of melting potential based upon fitting a Boltzmann 
curve to the data set for each oligonucleotide.   135 
5.6.3. Discrimination of Mutations with To-PRO® 3 
 
Electrochemical melting experiments were carried out with the DNA binding agent 
To-PRO®  3.  Despite  the  appearance  of  a  number  of  waves  in  the  linear  sweep 
voltammeterry  upon  driving  the  potential  cathodic  (Figure  5.11),  there  were  no 
notable changes to the SERS spectra before the dsDNA began to denature. Whilst the 
voltametry suggests that the molecule undergoes electrochemically induced changes 
whilst bound to dsDNA, this did not affect the appearance of the SERS, the resonance 
of the molecule or its ability to remain bound to dsDNA.  
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Figure 5.11. Linear sweep voltamagram recorded during the electrochemical melting of dsDNA in the 
presence of bound To-Pro® 3. The potential was driven cathodic from an initial potential of -0.3 V at 1 
mV s
-1 in pH a 10 mM Tris buffer (pH 7.2) containing 1 M NaCl. The approximate surface area of the 
electrode was 0.25 cm
-2. 
 
The stability and high intensity of the signal from the To-Pro 3 dye makes it very 
attractive as a choice of binding agent for a label-free electrochemical melting assay. 
The SERS spectrum contains a large number of peaks, any of which are suitable for 
following  the  electrochemical  denaturation  of  DNA  upon  applying  a  negative 
potential (Figure 5.12). However, care must be taken to ensure that the same peak is 
used when constructing melting curves for different dsDNA samples. This is because 
the  melting  potential  obtained  will  differ  depending  on  which  peak  height  is 
monitored.    136 
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Figure 5.12. (A) Representative SERS spectra and (B) melting profiles demonstrating the change in 
selected peak heights of dsDNA bound To-Pro™ as the potential is driven cathodic from an initial 
potential of -0.3 V at 1 mV s
-1 in pH a 10 mM Tris buffer (pH 7.2) containing 1 M NaCl. 
 
To-PRO  3  was  utilised  to  discriminate  between  a  wild  type,  single  nucleotide 
polymorphism and a triplet deletion in the CTFR gene (Figure 5.13) As observed for 
methylene  blue,  the  perfectly  complementary  ‘wild-type’  sequence  has  the  most 
cathodic melting potential, followed by the single nucleotide polymorphism and the 
least stable triplet deletion. 
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Figure 5.13. Discrimination of mutations in the CTFR gene utilising To-Pro® 3 in a label-free E-
melting assay. (A) The variation of the peak intensity at 1255 cm
-1 as a function of applied potential. In 
each case the potential was swept at 1 mV s
-1 from an initial potential of -0.3 V in pH a 10 mM Tris 
buffer (pH 7.2) containing 1 M NaCl. Spectra were acquired every 25 mV in static mode with a single 
5 s acquisition. (B) First derivative plots indicative of melting potential based upon fitting a Boltzmann 
curve to the data set for each oligonucleotide. 
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5.7. Summary 
 
DNA  binding  agents  have  been  used  to  discriminate  between  single  and  double 
stranded DNA immobilized at an SSV surface. The orientation of the binding agent 
with respect to the DNA base-pairs can be deduced from the peaks that appear in the 
SERS spectra and applying the Raman surface selection rule
18, 19. 
 
The discrimination of mutations in the CTFR gene without the need to synthetically 
attach a label dye to the target strand has been demonstrated. SER(R)S is used to 
monitor DNA denaturation from the spectra of dsDNA binding agents, where the 
driving force used for the denaturation can be either thermal or electrochemical. The 
general  applicability  of  the  label-free  SERS  discrimination  assay  is  explored  by 
demonstrating  that  five  different  binding  agents  can  be  detected  when  bound  to 
dsDNA at an SSV surface.  
 
The correct choice of binding agent is critical to the success of a label free SERS 
discrimination assay, particularly because it is not possible to control the position of 
the reporter molecule such that it is in close proximity to the surface. Factors such as 
resonance  with  the  pump  laser,  orientation  relative  to  the  electrode  surface  and 
toxicity must all be considered.   139 
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6. Conclusions & Further Work 
 
6.1. Overview 
 
The  application  of  a  negative  potential  at  an  electrode  surface  can  be  utilised  to 
denature a nucleic acid helix (either DNA or PNA) into its constituent strands. Whilst 
one of these strands remains covalently attached to the surface (‘the probe’), the other 
strand (‘the target’) diffuses away from the surface and into the bulk solution.  
 
The denaturation process is monitored with surface enhanced Raman spectroscopy 
(SERS), where the signal of a reporter molecule attenuates as the number of target 
molecules  at  the  surface  decreases.  The  resistance  of  an  immobilised  helix  to 
electrochemical denaturation is described by the melting potential, which is defined as 
the point at which the signal from the reporter molecule falls to 50 % of its initial 
value.  
 
In Chapter three, the effect of varying nucleic acid structure on the melting potential 
was  explored.  For  immobilised  dsDNA,  the  melting  potential  was  found  to  scale 
linearly with the calculated and experimental melting temperatures of the same duplex 
in  solution.  Further,  it  was  established  that  immobilised  dsPNA  could  also  be 
electrochemically  denatured,  ruling  out  a  simple  electrostatic  repulsion  interaction 
between  the  dsDNA  sugar-phosphate  backbone  and  the  electrode  surface  as  the 
mechanism for electrochemical melting. 
 
In Chapter four, the effects of pH and ionic strength on the melting potential were 
described. Localised pH changes close to the electrode surface were ruled out as a 
possible mechanism for electrochemical melting through a series of experiments in 
which  the  surface  pH  and  electrochemical  denaturation  were  monitored 
simultaneously.    The  effects  of  ionic  strength  on  electrochemical  melting  were 
rationalised through consideration of the structure of the electrical double layer. 
 
In Chapter five, electrochemical melting without the need to attach a dye label to the 
desired  target  nucleotide  was  demonstrated.  This  presents  a  significant  milestone   142 
towards the development of a point-of-care electrochemical melting assay, because 
label-free detection methods offer a way of detecting the target nucleotide without the 
need for synthetic treatment prior to measurement.  
 
In this Chapter, the insights gained into the electrochemical melting mechanism are 
discussed in greater detail, and a mechanism for the denaturation that fits with the 
currently available data is proposed. Finally, some future experiments that should help 
further  our  understanding  of  the  process  are  described,  along  with  some  ways  in 
which the reliability and commercial viability of the technique can be improved. 
 
 
6.2. Understanding Electrochemical Melting 
 
6.2.1. Disproved Mechanisms for Electrochemical Melting 
 
During  the  course  of  this  work,  a  wide-variety  of  possible  mechanisms  for 
electrochemical melting have been proposed and then later disproved through further 
experimentation or a more detailed analysis of the available data. 
 
Electrostatic  repulsion  between  the  sugar-phosphate  backbone  of  the  immobilised 
dsDNA  and  the  negatively-charged  electrode  surface  received  significant 
consideration as the denaturation mechanism in the early stages of this work. Early 
melting experiments were generally performed in very low ionic strength buffer (10 
mM), so the electric field emanating from the electrode surface was expected to be 
able to exert an effect on the immobilised duplex. However, later experiments showed 
that electrochemical denaturation was still possible at very high ionic strengths (1 M) 
where the majority of the electric field is dropped in less than a nanometre. Under 
these conditions it is unlikely that the duplex experiences any electric field at all.  
 
Conclusive proof that electrostatic repulsion was not responsible for the denaturation 
process came through experiments in which PNA was employed as the target strand 
during an electrochemical melting experiment. PNA is a neutral analogue of DNA 
that  is  completely  uncharged  under  physiological  pH  conditions.  Despite  this,   143 
denaturation was still possible by applying cathodic potentials of a similar magnitude 
to those required for immobilised duplexes constructed from DNA.  
 
Localised pH Changes were ruled out as a possible mechanism through a series of 
experiments  in  which  the  pH  at  the  surface  of  an  electrode  was  monitored 
simultaneously  with  electrochemical  denaturation.  The  pH  was  monitored 
spectroscopically  through  the  ratio  of  COO
-  and  COOH  bands  of  para-
mercaptobenozic acid. No change in the band ratio was observed as the potential was 
scanned cathodic.  
 
Chemical or electrochemical damage to the surface immobilised duplex is thought to 
be a highly unlikely mechanism for electrochemical denaturation. Primarily, this is 
because the same surfaces (with the same immobilised probe DNA) can be reused 
multiple times. Any damage to the structure of the helix as a result of chemical or 
electrochemical damage is unlikely to be confined to the target strand, and if the probe 
strand were damaged it is unlikely that it could re-hybridise. In addition, analysis of 
the  linear  sweep  voltammograms  recorded  during  an  electrochemical  melting 
experiment show little in the way of redox activity (Figure 6.1). This is consistent 
with literature reports, where the reduction of DNA bases (specifically cytosine and 
adenine)  has been demonstrated to occur  only at cathodic potentials < -1.4 V vs. 
SCE
1-3. Electrochemical reduction of the DNA occurs well after melting potential is 
reached and in most cases is also after the complete separation of the target from the 
probe. 
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Figure  6.1.  Linear  sweep  voltammogram  of  Cy3-labelled,  surface  immobilised  dsDNA  recorded 
during  an  electrochemical  melting  experiment.  The  potential  was  swept  from  -0.3  to  -1.3  V  vs. 
Ag/AgCl at a scan rate of 0.5 mV s
-1 in a 10mM phosphate buffer (pH 8.1) containing 100 mM NaCl. 
The approximate surface area of the electrode was 0.25 cm
2. The large increase in current after – 1 V is 
attributed to oxygen reduction. 
 
Joule  Heating  was  also  considered  as  a  possible  mechanism  for  electrochemical 
melting. Extensive research by Barton and co-workers has demonstrated that dsDNA 
can act as a molecular wire, where the electrons shuttle through the π-stack of the 
helix
4-8. In joule heating, the movement of electrons through a wire generates heat. 
The magnitude of the heat generated, Q is given by the following expression: 
 
Rt I Q
2 =   6.1 
 
Where I is the current flow through a wire, R is the resistance of the wire, and t is the 
length of time for which the current flows. 
 
Joule  heating  is  an  unlikely  mechanism  for  electrochemical  melting  because  the 
currents  generated  during  an  experiment  are  very  small  (typically  microamperes, 
Figure 6.1).Very large currents would be required to generate the magnitude of heat 
required to overcome the hybridisation enthalpy for a duplex. 
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6.2.2. Current Theory 
 
Based on our current understanding, the following mechanism for electrochemical 
melting is proposed (Figure 6.2). As the potential of the electrode surface is driven 
cathodic, electrons are conducted through the base-pairs of the surface immobilised 
dsDNA. The number of electrons present in the DNA helix at a given moment will be 
dependent on  the  applied potential. As  the  potential is driven to a more negative 
value, the number of electrons within the DNA helix will increase. In this sense the 
DNA is acting like a molecular wire, as described by the research of Barton and co-
workers
4-8. However, in an electrochemical melting experiment, the DNA helix is also 
acting like a capacitor, because there is nowhere for the electrons to go. There is a 
build-up  of  charge  until  at  some  point  the  electrostatic  interactions  between  the 
increasing numbers of electrons becomes too great and the duplex denatures into its 
constituent strands. The point at which this occurs will depend on the thermodynamic 
stability of the helix. 
 
 
Figure 6.2. Simplified illustration demonstrating the proposed mechanism for electrochemical melting. 
As  the  potential  is  driven  cathodic,  electrons  flow  into  the  immobilised  dsDNA  π-stack  from  the 
electrode surface. At some given potential, the energy generated by the electrostatic forces between the 
electrons in the π-stack will be greater than the enthalpy of formation for the helix, and denaturation 
occurs. 
 
This theory explains why there is a strong correlation between melting temperature 
and melting potential (Chapter 3). Increasing the GC content of the duplex increases 
its binding enthalpy, meaning that a greater number of electrons must be built up 
within the duplex before denaturation occurs.     146 
 
Based  on  this  theory,  a  number  of  predictions  can  be  made  about  the  how  the 
electrochemical  melting  potential  will  vary  when  the  experimental  conditions  are 
changed.  Electrochemically  induced  denaturation  is  likely  to  become  significantly 
more difficult if the interactions between the electrons travelling within the π-stack of 
the  helix  are  screened  in  some  way.    This  was  observed  in  label-free  melting 
experiments (Chapter 5), where the use of DNA binding agents resulted in a more 
cathodic  melting  potential  relative  to  a  duplex  of  the  same  sequence  externally 
labelled with Texas Red (Figure 6.3). 
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Figure 6.3. Electrochemical melting curves for the wild-type sequence . The reporter molecule utilised 
for monitoring denaturation was either synthetically attached Texas red (TXR, red circles), or non-
covalently bound methylene blue (MB, blue triangles) or To-Pro 3 (black squares). In each instance 
potential was swept cathodic from -0.3 V vs. Ag/AgCl at 1 mV s
-1 in 10 mM Tris buffer (pH 7.2) 
containing 1 M NaCl. Denaturation was monitored through attenuation of the band at 1500 cm
-1 for 
Texas red, 1388 cm
-1 for methylene blue, and 1255 cm
-1 for To-Pro 3. 
 
This would also explain why the electrochemical melting potential scales with DNA-
cation  binding  affinity  (Chapter  4).  Those  cations  that  have  the  highest  binding 
affinity for the duplex are the most effective at screening the interactions between the 
electrons travelling within the π-stack of the helix. 
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The concept of dsDNA acting as a molecular wire has been explored in detail by 
Barton  and co-workers
4-8,  who  have  shown  that  the  π-stack  of  dsDNA  is  still  an 
effective conductor of electrons even over distance as large as 34 nm
9 – well below 
the 22 base-pair (~ 9 nm) duplexes used in the electrochemical melting experiments 
presented  in  this  thesis.  Disruption  of  this  electron-conducting  π-stack  (through 
mutation or damage of the base-pairs) has been shown to result in a significant drop in 
current flow
5, 6, 9. 
 
Although  the  electrochemical  denaturation of mutation-containing DNA sequences 
has been demonstrated to occur at less cathodic potentials (Chapter 5), this can be 
explained by considering the overall length of strand and the position of the mutation 
relative  to  the  electrode  surface.  Consider  the  1653C/T  sequence  utilised  for 
demonstrating  the  discrimination  of  mutations  in  the  CTFR  gene  (Chapter  5). 
Assuming that electrons can flow up to the point of the base-pair mismatch, the length 
of the duplex prior to the mutation will denature as the potential is driven negative. 
The  remaining  five  base-pair  sequence  (TAC  TAT  AA)  has  a  nearest-neighbour 
melting temperature of just 13.6 °C in 1 M NaCl and so will readily denature without 
any external influence at room temperature. 
 
Perhaps  the  hardest  result  to  rationalise  is  the  significantly  less  negative  than 
predicted  melting  potential  of  duplexes  that  contain  PNA  (Chapter  4).  Very  few 
studies  of  electron  transfer  through  PNA  duplexes  have  been  reported
10-12,  and 
differences in the π-stack between DNA and PNA duplexes has not been explored. 
The higher surface density of probes was given as one possible explanation for the 
ease of denaturation of PNA-containing duplexes. Another possibility is that electrons 
residing within the π-stack of PNA are less effectively screened than those residing 
within the π-stack of DNA due to lower counter-ion uptake.  
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6.3. Further Work 
 
6.3.1. Understanding Electrochemical Melting 
 
There are number of potential experiments that could be used to test the validity of the 
mechanism proposed in section 2.3. The build up of electrons within the DNA π-stack 
requires  that  an  efficient  transportation  pathway  is  maintained.  Disrupting  the 
pathway  should  severely  inhibit  electrochemical  melting.  One  possible  method  of 
disrupting the π-stack is through the use of the intercalative agents such as ethidum 
bromide or acridine orange that will cause a distortion to the duplex.  
 
Introducing base-pair mismatches into a DNA duplex also severely inhibit electron 
transfer through the π-stack
5, 9. A long, dual-labelled, target strand could be utilised to 
validate the proposed mechanism by introducing a mismatch half way up the strand 
(Figure 6.4). If the proposed mechanism is valid, then, upon scanning cathodic, only 
the base-pairs before the mutation will denature, and the melting potential will reflect 
this. Upon scanning anodic, the denatured portion of the duplex should quickly anneal 
again. 
 
 
Figure 6.4. The predicted behaviour of surface immobilised dsDNA that contains a mismatch midway 
into the base-pair sequence. Upon scanning cathodic, charge will build up in the helix up to the point of 
the mutation and this portion of the strand will denature. Assuming that remaining portion of the strand 
is stable at room temperature, then upon scanning anodic, charge in the helix will dissipate and the full 
strand will re-anneal. 
 
Another method for disrupting electron transfer through the π-stack is through the 
distance of the duplex from the electrode surface. Currently, the thiol anchor group   149 
holds the dsDNA approximately 1 nm from the surface. Increasing the length of this 
anchor group should result in a reduction in electron transfer rate, resulting in a more 
stable duplex. 
 
The results presented in Chapter 4 suggest that values for the electrochemical melting 
potential are strongly related to the structure of the electrical double layer (EDL). 
Experiments are currently under way to ‘map out’ the electric fields emanating from 
an electrode as a function of both ionic strength and distance from the surface. This is 
accomplished by utilising surface immobilised DNA that is labelled with a nitrile-
modified Cy3 label. The Raman shift at which the nitrile peak occurs is dependent on 
the  electric  field  it  experiences,  as  described  by  the  Stark  effect
13-15.  These 
experiments will be supported by computational modelling of the surface immobilised 
duplex and the electrical double layer by the research group of Timo Jacob at the 
University of Ulm. 
 
6.3.2. Improving Electrochemical Melting Assays 
 
There  are  a  number  of  ways  in  which  the  capabilities  and  performance  of 
electrochemical melting can be improved, the most of obvious of which is to boost the 
signal intensity from the reporter molecule, which can either be synthetically attached 
to the target strand or non-covalently bound to the duplex. In addition to increasing 
sensitivity,  an  improvement  to  the  signal  would  allow  electrochemical  melting 
experiments  to  be  performed  at  faster  scan  rates  because  lower  acquisition  times 
would be required.  
 
There are two main ways in which an improvement in the signal intensity could be 
achieved, either through improving the performance of the underlying substrate, or 
through better control of the position and structure of the reporter molecule. 
 
The sphere segment void (SSV) substrates utilised in this work are prepared entirely 
from  gold  and  provide  typical  enhancement  factors  of  10
9  over  flat  gold.  Recent 
research within our group has demonstrated that this enhancement can be improved 
further through nanoparticle-void coupling
16, 17. Thus, it should be possible to improve   150 
the sensitivity of an electrochemical melting assay through the use of nanoparticle 
labelled target DNA. 
 
It is also possible to obtain more intense and more reproducible SER spectra through 
better control of the reporter molecule.  In a typical electrochemical melting assay, the 
reporter molecule, such as Cy3, is covalently attached to the target strand through a 
long  linker  molecule  to  the  sugar  phosphate  backbone.  Thus,  the  position  and 
orientation of the label relative to the sphere segment void (SSV) surface is poorly 
defined because the label group will be in constant motion. Recent research by the 
Brown group at the University of Southampton has shown that cyanine labels can also 
be  attached  to  dsDNA  through  a  modified  thymine  base.  Utilising  this  type  of 
synthetic modification, the linker group is significantly shorter and the cyanine label 
is  believed  to  reside  within  the  minor  groove  of  the  dsDNA.  Some  initial  SERS 
experiments in which Cy3 was attached to the target strand utilising this labelling 
strategy gave SERS spectra that were significantly more intense than labelled targets 
that were prepared using the previous methodology (Figure 6.5). This suggests that 
not only is the position of the label better defined, but that the orientation relative to 
the surface is now more favourable as well. 
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Figure 6.5. SERS spectra of cy-3 labelled surface-immobilised dsDNA. The label is either attached via 
a long linker to the end of the sugar-phosphate backbone (red line) or via a very short linker to a 
modified  thymine  base  (black  line).  Spectra  have  been  baseline  corrected  and  normalised  for 
acquisition times and laser power.   151 
 
The resonance or (near resonance) of some molecules with the 633 nm laser employed 
for  SERS  measurements  has  often  been  exploited  to  improve  the  signal  from  an 
electrochemical melting assay over the course of this thesis. However, the reporter 
molecule chosen for use in electrochemical melting experiments has been limited to 
those that are commercially available. One area of potential future research is the 
custom  design  and  synthesis  of  novel  reporter  molecules,  either  for  synthetic 
attachment to the target strand or for use as non-covalent binding agents in label-free 
assays. For example, the ideal binding agent for a label-free electrochemical melting 
assay  would  be  resonant  with  a  633  or  785  nm  laser,  non-fluorescent,  not 
electrochemically active, and have a high selectivity for dsDNA over ssDNA. 
 
Clearly, a great deal of further work is required before electrochemical melting can be 
optimised and the underlying science fully understood. Nevertheless, the exquisite 
capabilities of electrochemical melting for detecting changes in DNA structure have 
been demonstrated in extensive detail. The work presented in this thesis has laid down 
the foundations upon which a wide-range of applications for electrochemical melting 
can be developed in the future, spanning from medical diagnosis through to criminal 
forensics.   152 
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